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FOREWORD 


Two  technical  papers  (Appendices  1  and  2)  have  been  prepared  to  describe  the 
background,  test  preparations  and  results  generated  under  this  contract.  For  the  purpose  of  this 
final  report,  the  above  are  supplemented  by  an  atlas  of  color  photographs  (Appendix  3)  depicting 
the  pre-test  condition  of  test  specimens,  the  applied  coatings,  exposure  conditions,  and  the 
appearance  of  the  various  specimens  after  testing.  Also  provided  are  more  elaborated  details 
concerning  the  test  materials,  coatings  selected,  and  the  method  of  application. 


EXECUTIVE  SUMMARY 


The  specific  objective  of  the  present  research  contract  was  to  investigate  the  effect  of 
barrier  and  antifouling  coatings  on  the  crevice  corrosion  behavior  of  stainless  steel  in  natural 
seawater.  Such  research  will  ultimately  benefit  potential  naval  use  of  stainless  steel  for  undersea 
devices,  components  or  hulls  of  vessels  for  which  austenitic  stainless  steels  may  be  selected 
because  of  their  non-magnetic  properties.  Offshore  installations,  coastal  power  utilities  and  other 
plants  utilizing  seawater  may  also  benefit  fi'om  this  research. 

The  predominant  failure  mode  for  stainless  steels  in  seawater  is  crevice  corrosion.  A  test 
program  to  assess  the  influence  of  barrier  and  antifouling  coatings  systems  on  the  crevice 
corrosion  resistance  of  three  different  grades  of  austenitic  stainless  steels  was  devised  and 
executed.  The  alloys  tested  were  Type  3 16L  (UNS  S3 1603),  the  22-13-5  alloy  Nitronic-50  (UNS 
S20910)  and  the  20Cr-6Mo  alloy  AL6XN  (UNS  N08367).  In  addition  to  two  epoxy  barrier  paint 
systems,  antifouling  coatings  utilized  for  testing  included  a  tributyltin-ffee  polishing  type  system 
(ablative-Cu)  and  a  biocide-ffee,  low  surface  energy  foul  release  (elastomeric)  type  system.  Both 
welded  and  non-welded  materials  were  tested.  Welded  specimens  were  tested  in  the  fully  coated 
condition,  while  non-welded  specimens  were  either  partially  coated  or  prepared  with  intentionally 
scribed  defects.  Some  flat  specimens  were  exposed  with  unintentional  coating  defects  along  their 
edges.  Other  test  variables  included  material  surface  finish,  product  form  (sheet  and  pipe)  and 
exposure  conditions.  A  six-month  test  comprised  exposure  of  partially  coated  (two  area  ratios  of 
coated-to-bare  metal)  sheet  and  pipe  specimens  in  controlled  temperature  (~85°F/30°C)  filtered 
seawater.  A  longer  term  (12-month)  test  comprised  exposure  to  ambient  temperature  natural 
seawater,  with  its  complement  of  marine  organisms.  The  latter  test  included  specimens  which 
were  exposed  with  and  without  zinc  anode  protection.  Key  observations  and  conclusions  are 
summarized  below: 

Bare  Metal  Behavior  (one-vear  test) 

All  of  the  bare  stainless  steel  test  panels  were  covered  with  tunicates  (sea  squirts),  as  well 
as  with  some  barnacles  and  other  crustaceans. 
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Welded  Type  316L  specimens  exhibited  crevice  corrosion  at  barnacle  sites,  as  well  as 
localized  pitting  and  tunneling  attack  which  initiated  at  cut  edges.  They  also  suffered  severe  weld, 
adjacent  fusion  line  and  heat  affected  zone  (HAZ)  attack.  When  exposed  with  zinc  anodes,  the 
above  material  was  fully  resistant. 

Welded  Nitronic-50  also  exhibited  some  barnacle  related  corrosion  and  edge  attack,  but 
no  preferential  weld-HAZ  attack.  Specimens  with  zinc  anode  attachments  were  fully  resistant. 

All  uncoated  AL6XN  specimens  exposed  with  or  without  zinc  anodes  were  found  to  be 
fully  resistant. 

Fully  Coated  Test  Panels  with  Anodes  (one-vear  test) 

No  evidence  of  corrosion  was  found  on  any  of  the  zinc  protected,  fully  coated  welded 
specimens,  or  fully  coated  non-welded  specimens  exposed  with  intentional  or  inadvertent  defects. 

Many  of  these  cathodically  protected  specimens  developed  coating  blisters,  and  a  number 
experienced  partial  disbonding  of  the  coating. 

Coating  disbondment  was  most  apparent  for  those  specimens  coated  with  only  epoxy 
barrier  type  paint  to  which  marine  growth  became  firmly  attached. 

It  is  quite  likely  that  there  is  some  optimum  potential  between  that  of  zinc  and  freely 
corroding  stainless  steel  that  will  not  adversely  affect  the  bonding. 

Under  the  nominally  quiescent  test  conditions,  the  ablative-Cu  coated  specimens 
developed  only  silt  and  slime-like  fouling  while  those  with  the  elastomeric  type  coating  became 
encrusted  with  bryzoan.  These  results  suggest  that  the  barrier  coating  layers  beneath  the  ablative- 
Cu  coating  provided  effective  insulation  from  the  protected  substrate,  thus  negating  any 
significant  loss  of  the  ablative-Cu  coating’s  antifouling  properties  due  to  polarization  in  the 


electro-negative  direction  by  the  zinc.  In  contrast,  the  epoxy  coated  specimens  were  nearly  fully 
covered  with  tunicates  as  well  as  some  barnacles  and  other  crustaceans. 

Fully  Coated  Non-welded  Test  Panels  without  Anodes  fone-vear  test) 

When  exposed  without  zinc  anodes,  no  blistering  developed  in  the  coating  and  disbonding 
was  limited  to  areas  where  crevice  corrosion  had  developed.  Except  for  superficial  attack  on  one 
panel  at  a  scribe  site,  the  AL6XN  specimens  were  otherwise  unaffected.  In  contrast,  several  Type 
3 16L  and  Nitronic-50  specimens  incurred  some  “light”  crevice  attack  adjacent  to  the  scribe  and  at 
edge  defect  sites.  These  appeared  mostly  on  those  specimens  with  Just  the  barrier  coatings  and 
those  with  the  ablative-Cu  applied  over  the  two  layers  of  epoxy. 

Partially  Coated  Test  Panels  without  Anodes  (six-month  test) 

All  three  alloys  tested  incurred  extensive  crevice  corrosion  commencing  at  the  coating 
interface  with  the  bare  metal  portion  of  the  specimens.  However,  variations  in  both  affected  area 
and  depth  of  attack  were  found  from  side-to-side  and  specimen-to-specimen.  Such  variations  are 
also  often  encountered  in  tests  involving  other  types  of  crevice  formers. 

For  Type  316L  and  Nitronic-50  there  was  a  general  trend  that  surfaces  provided  grit 
blasting  were  more  affected  than  those  left  in  the  original  mill  2B  finish.  It  is  believed  that  the 
greater  adhesion  afforded  by  the  grit  blasting  helped  to  maintain  some  critical  geometry  which 
contributed  to  lateral  propagation  once  initiation  occurred. 

Overall,  AL6XN  exhibited  the  greatest  sensitivity  to  changes  in  exposed  surface  area. 
Affected  crevice  area  and  depth  of  attack  diminished  as  the  amount  of  exposed  (cathodic)  area 
was  reduced. 

Partially  Coated  Pine  Specimens  without  Anodes  f six-month  test) 

Previous  testing  of  alloy  625  (N06625)  pipe  had  identified  susceptibility  to  crevice 
corrosion  under  an  epoxy  barrier  coating.  In  the  present  investigation,  pipe  samples  of  Type 
3 16L  stainless  steel  were  partially  coated  with  two  different  epoxy  coating  systems.  One  was  the 
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1-coat  brush  applied  type  used  previously  on  the  alloy  625  pipe,  and  the  other  was  the  same  2- 
coat  system  applied  to  welded  and  non-welded  test  panels  mentioned  above. 

All  24  pipes  tested  with  the  two  different  epoxy  coating  systems  exhibited  extensive 
crevice  corrosion. 

Overview 

Testing  in  natural  seawater  has  demonstrated  the  propensity  of  crevice  corrosion  of 
stainless  steels  beneath  coatings.  When  exposed  without  the  benefit  of  cathodic  protection,  flat 
and  curved  surfaces  of  Type  316L  initiated  rapidly  and  incurred  extensive  propagation  in  most 
cases.  More  highly  alloyed  grades,  including  the  6Mo  variety,  were  also  seriously  affected  when 
the  coating  covered  only  a  portion  of  the  metal  surface.  Attack  at  defects  in  otherwise  fully 
coated  test  panels  was  found  to  he  minimal.  However,  it  is  conjectured  that  loss  of  coating 
adjacent  to  small  defects  could  increase  the  risk  of  propagation.  Obviously,  the  loss  of  larger 
areas  of  coating  due  to  abrasion  or  other  mishap  should  be  cause  for  concern. 

Because  of  the  well  documented  susceptibility  of  stainless  steel  to  crevice  corrosion,  it  is 
highly  probable  that  other  alloys  and  alloy-coating  system  combinations  would  show  similar 
behavior. 
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EXPERIMENTAL  PROCEDURE 


Identification  of  the  materials  tested,  specimen  preparation,  coatings  application,  and 
exposure  conditions  are  summarized  in  the  two  reports  located  in  Appendices  Land  2.  These  are 
augmented  by  the  pictorial  description  provided  in  the  atlas  of  photographs  in  Appendix  3.  For 
completeness  of  this  final  report,  additional  information  related  to  the  experimental  procedure 
section  of  this  final  report  are  presented  in  Appendices  4  and  5. 

Materials  and  Specimens 

Appendix  4  provides  copies  of  the  test  material  information  sheets.  Sheet  test  specimens 
were  cut,  welded,  drilled,  and  stamped  with  permanent  identification  codes  by  Metal  Samples 
Company,  Munford,  AL,  from  material  in  their  inventory. 

Pipe  materials  was  acquired  from  a  single  heat  of  material  and  provided  cut-to-length  by 
another  vendor.  Pipe  support  holes  were  drilled  in-house. 

Additional  testing  of  S20910  and  N08367  was  performed  outside  of  the  scope-of-work  of 
this  ONR  contract.  As-welded  1/2-inch  thick  plate  test  materials,  identified  in  Appendix  2,  were 
part  of  a  separate  test  program  conducted  by  the  LaQue  Center  on  behalf  of  Naval  Surface 
Warfare  Center  -  Carderock  Division  (NSWCCD).  No  information  was  provided  concerning  the 
actual  chemistry  of  those  two  materials. 

Surface  Preparation 

All  grit  blasting  described  in  the  two  reports  was  performed  by  a  commercial  shop 
principally  involved  with  the  application  of  thermal  spray  coatings.  Fresh  80  mesh  aluminum 
oxide  was  used  to  prepare  the  specimen  surfaces  for  the  coatings.  Surface  roughness  of  the  mill- 
produced  and  grit  blasted  sheet  materials  is  characterized  in  the  Experimental  Section  of  the 
Appendix  1  report  and  in  Figures  1.1  to  4.3  in  Appendix  3. 

Prior  to  coating,  the  mill-produced  and  grit  blasted  surfaces  were  degreased  with  acetone. 
Next,  those  specimens  intended  to  be  tested  with  only  part  of  the  surface  coated  were  masked 
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with  3M  brand  “best”  paper  and  masking  tape.  As  described  in  the  Appendix  1  and  Appendix  2 
reports,  respectively,  sheet  and  pipe  specimens  were  partially  coated  leaving  20%  and  80%  of  the 
surface  bare.  In  the  case  of  the  pipe  samples,  only  the  OD  surfaces  were  coated. 

Coatin2  Systems 

A  list  of  US  Navy  approved  coatings  was  solicited  from  NAVSEA’s  Dr.  Brenda  Holmes 
(Appendix  5a).  Ultimately,  the  LaQue  Center  selected  an  epoxy  barrier  paint  system 
(Interguard®)  and  a  polishing  type  antifouling  coating  (Interviron®  BRA640),  also  known  as  an 
ablative-Cu  type  coating.  Both  are  produced  by  Courtaulds  Coatings  -  International  Paint 
Company. 

The  LaQue  Center  also  investigated  and  ultimately  selected  another  antifouling  coating 
(Intersleek®)  from  the  same  source.  Intersleek  is  described  in  the  product  literature  as  both  an 
“elastomeric  foul  release  coating”  and  a  “biocide-free,  low  surface  energy  foul  release  coating”. 
Application  of  Intersleek  required  an  intermediate  tie  coat.  Product  information  sheets  for  all 
three  coating  systems  cited  above  are  found  in  Appendix  5b.  Subsequent  mention  of  these 
coatings  in  the  two  generated  papers  utilize  only  the  generic  identities  “epoxy-barrier  type”, 
“ablative-Cu”  and  “elastomeric  type”. 

After  a  careful  review  of  the  recommended  paint  mixing  and  spraying  requirements,  the 
coatings  were  applied  at  a  nearby  commercial  auto  body  shop  by  a  spray  painter  experienced  with 
coating  test  panels  for  the  LaQue  Center.  A  dedicated  spray  room  and  dedicated  spray  equipment 
were  provided.  The  only  know  deviation  from  the  recommended  procedure  was  in  the  use  of  a 
conventional  spray  gun  over  the  airless  type  recommended  on  International  Paint  Co.  literature 
for  some  of  their  coating  products.  Whereas  the  latter  may  be  more  conducive  to  spraying  large 
ship  hull  surfaces,  coating  with  the  conventional  spray  gun  provided  more  uniform  coverage  on 
the  relatively  small  test  panels.  The  step-by-step  procedure  used  for  coating  the  test  panels  and 
pipe  systems  is  outlined  in  Appendix  5c. 
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In  addition  to  tests  with  the  three  coating  systems  describe  above,  12  pipe  specimens  were 
partially  brush  coated  with  another  International  product.  Interlux®.  This  white,  2-part  epoxy  is 
the  same  paint  that  was  utilized  in  earlier  testing  of  nickel-base  alloy  625  described  by  Hays  (see 
reference  9  in  Appendix  1  report). 

Test  Conditions 

Details  of  the  seawater  test  conditions,  including  hydrology  data,  are  also  found  in  the  two 
reports  provided  in  Appendices  1  and  2.  Photographic  documentation  of  the  pre-test  condition  of 
test  specimens  and  arrangements  for  exposure  are  provided  in  Appendix  3. 


RESULTS.  DISCUSSION  AND  CONCLUSIONS 

Test  results  for  the  12-month  exposure  of  uncoated  welded  controls,  fully  coated  welded 
panels  and  fully  coated,  but  scribed,  non-welded  panels  of  S3 1603,  S20910  and  N08367,  all  with 
and  without  cathodic  protection,  are  presented  and  discussed  in  the  CORROSION/2000  (Paper 
No.  827)  found  in  Appendix  1 .  That  report  also  gives  results  from  the  6-month  test  comprising 
partially  coated  panels  of  the  same  three  materials.  Photographic  documentation  is  found  in 
Appendix  3,  Figures  1.1  to  37.3. 

Results  of  the  6-month  test  comprising  partially  coated  S3 1603  pipe  specimens  can  be 
found  in  the  report  presented  in  Appendix  2,  and  Appendix  3,  Figures  38.1  to  41.3.  The 
(Appendix  2)  report,  which  is  to  be  presented  in  an  ASTM  Symposium  on  Marine  Corrosion  in 
Tropical  Environments  and  published  in  ASTM  STP  1399,  also  includes  additional  discussion  on 
the  three  stainless  steels  tested  for  6  months  with  20%  and  80%  of  the  surfaces  coated  with  the  2- 
layer  epoxy  system  (see  Appendix  3,  Figures  26.1  to  29.3).  Also  presented  is  a  summary  of 
results  from  a  related  investigation  on  the  crevice  corrosion  behavior  of  partially  coated,  welded 
S20910  and  N08367  specimens  which  was  conducted  outside  of  the  scope  of  this  present  ONR 
contract.  As  discussed  in  the  Appendix  2  report,  this  latter  group  of  specimens  were  prepared 
with  a  single  layer  of  brush  applied  red  epoxy  coating  (same  as  first  coat  in  the  principal 
investigation). 
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Both  of  the  reports  contain  a  number  of  conclusions  derived  from  the  testing  of  292 
specimens.  The  principal  conclusion  drawn  is  that  there  is  a  significant  risk  of  crevice  corrosion 
when  partially  coated  stainless  steel  is  exposed  to  natural  seawater.  Even  the  higher  alloyed  6Mo 
grade  incurred  some  attack  in  excess  of  1  mm  deep  within  6  months.  There  is  no  reason  to 
believe  that  other  crevice  corrosion  susceptible  stainless  steels  would  not  suffer  attack  under 
similar  conditions.  Moreover,  coatings  produced  by  other  manufacturers  are  also  likely  to 
promote  attack  on  these  grades  of  stainless  steel.  Testing  also  revealed  that  crevice  corrosion  can 
initiate  at  defect  sites  on  otherwise  fully  coated  material.  Although  the  observed  propagation  at 
these  sites  was  considered  superficial,  more  significant  attack  might  result  if  the  cathodic  surface 
area  is  enlarged,  due  to  coating  loss  at  the  original  defect  site. 

Comparative  testing  of  the  three  stainless  steels  with  zinc  anodes  revealed  that  protection 
against  crevice  corrosion  at  coating  defect  sites  was  achievable.  However,  the  apparent  degree  of 
polarization  offered  by  the  zinc  anodes  contributed  to  coating  blisters  and  disbondment. 

While  zinc  anodes  were  not  included  in  the  testing  of  partially  coated  panels,  they  were 
utilized  on  the  uncoated  controls  and  found  to  be  effective  in  eliminating  barnacle  related  crevice 
corrosion  and  exposed  edge  attack  of  S3 1603  and  S20910.  Moreover,  S3 1603  was  protected 
from  weld  and  weld  heat  affect  zone  corrosion.  Uncoated  N08367  specimens  were  fully  resistant 
when  not  coated  and  exposed  for  one  year  with  and  without  zinc  anodes. 
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ABSTRACT 

Normally,  stainless  steels  are  utilized  without  any  type  of  coating  whatsoever.  This  report  cites  a  few 
cases  where  coatings  may  be  contemplated  for  use  on  stainless  steels.  Of  particular  interest  is  the  use  of  various 
antifouling 't\pe  coating  systems  applied  over  anticorrosion  barrier  coating  systems  for  seawater  service.  Testing 
in  natural  seawater  has  demonstrated  that  coatings  can  protect  susceptible  stainless  steel  from  barnacle  related 
crevice  corrosion  and  localized  corrosion  at  w^eldments.  However,  coating  defects  and  other  unintentional  or 
intentional  interfaces  with  bare  metal  may  create  new  areas  for  crevice  corrosion  to  initiate.  The  risk  of  serious 
crevice  corrosion  damage  to  the  substrate  increases  with  the  amount  of  bare  metal  exposed.  Test  results 
demonstrated  that  even  a  relatively  small  area  of  bare  stainless  steel  is  sufficient  to  support  cathodic  reactions  that 
produce  crevice  corrosion  penetrations  in  excess  of  2  mm  in  less  than  six  months.  Even  a  6%  Mo  alloy  was 
susceptible.  It  was  demonstrated  that  localized  corrosion  can  be  prevented  by  the  use  of  cathodic  protection  from 
sacrificial  zinc  anodes.  However,  the  degree  of  polarization  associated  with  zinc  anodes  contributed  to  blistering 
and  disbonding  of  the  coating  in  some  cases.  The  current  test  program  did  not  investigate  protection  afforded  by 
inorganic  zinc-rich  primers. 

Keyw’ords;  stainless  steel,  crevice  corrosion,  natural  seawater,  coatings,  antifouling,  ablative-Cu,  elastomeric, 
epoxy,  cathodic  protection,  zinc  anodes 
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INTRODUCTION 


Over  the  past  two  decades  there  have  been  numerous  investigations  dealing  with  crevice  corrosion  and  its 
effects  on  stainless  steels  and  related  alloys.  Those  addressing  alloy  behavior  in  seawater  are  important  to  naval 
and  other  marine  interests.  As  described  elsew'here'.  previous  work  has  covered  the  mfluence  of  alloy  composition, 
surface  finish,  crevice  geometry’,  area  ratio  and  galvanic  effects  on  crevice  corrosion  behavior.  In  addition, 
variations  in  seawater  test  location^,  seawater  temperature  and  exposure  time^  and  other  factors  such  as 
chlorination,  deaeration  and  stagnation  have  also  been  addressed  . 

Previously,  Sedriks^  identified  the  types  of  crevices  which  appear  to  be  problematic  for  seawater  service. 
Most  often  these  are  deep-tight  crevices  of  the  type  associated  with  metal-to-non-metal  joints  and  other 
connections.  Research  has  demonstrated  that  while  such  crevices  are  most  likely  to  promote  crevice  corrosion  of 
susceptible  alloys,  metal-to-metal  crevices  having  the  same  geometry  with  respect  to  depth  and  tightness  (gap 
parameter)  can  be  equally  or  more  severe.^  This  is  attributed  to  two  metal  surfaces  contributing  to  hydrolysis 
reactions  within  the  crevices.  Most  crevice  corrosion  test  programs  reported  in  the  open  literature  have  dealt  with 
metal-to-non-metal  type  crevices.  These  have  included  serrated  and  continuous  annular-type  washers,  0-rings, 
strips,  compression  fittings  and  sleeves  fashioned  from  PTFE,  rubber  and  various  plastic  and  vinyl  type  materials. 

In  a  few  reported  cases  comprising  actual  in-service  and  testing  conditions,  crevice  corrosion  has  been 
observed  under  coatings.  Klein  et  al.,*  for  example,  reported  crevice  corrosion  of  6%  Mo  stainless  alloy  tubing 
(ID)  at  sites  created  accidentally  by  oversprayed  epoxy'  paint  coating  applied  to  a  condenser  tube  sheet.  However, 
subsequent  simulation  tests  in  which  ID  surfaces  of  the  same  alloy  tubing  were  partially  coated  did  not  produce 
any  crevice  attack  in  six  months.*  In  contrast,  application  of  the  same  coating  on  the  OD  surfaces  of  alloy  625 
(N06625)  pipes  promoted  accelerated  corrosion  in  chlorinated  seawater  tests  of  1-year  duration.®  However,  as 
noted  by  Sednks’  this  corrosion  occurred  at  sites  where  the  epoxy  coating  was  contained  within  vinyl  sleeves  of  the 
type  known  to  produce  attack  of  alloy  625  and  other  materials  in  the  absence  of  an  epoxy  coating.  Lee'  and 
Kain'"'  discussed  problems  with  coatings  associated  with  remote  crevice  corrosion  testing  of  stainless  steel  and 
nickel-base  alloys.  Others'^  have  also  reported  crevice  corrosion  of  nickel-base  alloys  under  coatings. 

In  the  above  examples,  paint  covered  portions  of  the  alloy  surfaces,  thereby  creating  situations  where  the 
coating-metal  interface  served  as  the  mouth  of  the  crevice.  Larger,  boldly  exposed  alloy  surfaces  served  as 
effective  cathodic  areas  to  drive  the  crevice  corrosion  initiation  and  propagation  process. 

Except  in  a  few  cases,  the  main  objectives  of  various  testing  programs  were  not  to  determine  the  effect  of 
coatings  on  the  crevice  corrosion  resistance  of  stainless  steel.  The  present  work  is  intended  to  help  fill  this 
apparent  void.  While  stainless  steels  are  used  predominately  without  coatings,  there  are  occasions  where  coatings 
have  been  or  conceivably  could  be  used.  Coating  of  stainless  steels  has  been  suggested,  for  example,  as  one  way 
to  mitigate  galvanic  corrosion  when  stainless  steel  is  the  cathodic  member  of  a  dissimilar  metal  couple.  Use  of 
stainless  steel  in  seawater  carries  a  risk  of  macrofouling,  and  the  creation  of  natural  crevice  sites;  for  example, 
under  barnacles  which  can  attach  in  slowly  moving  or  quiescent  seawater.*  Application  of  an  antifouling  paint 
system  would  prevent  such  attachments,  and  minimize  fouling  in  general.  However,  in  light  of  some  earlier 
findings,  the  possibility  exists  that  these  coatings  systems  could  promote  crevice  corrosion.  This  paper  describes 
the  preparation,  coating  and  testing  results  for  180  stainless  steel  specimens  exposed  to  natural  seawater  for  up  to 
one  vear. 

EXPERIMENTAL 


Materials/Specimens 

Three  grades  of  austenitic  stainless  steel  were  selected  for  testing.  Type  316L  (UNS  S3 1603),  a  6%  Mo 
superaustenitic  (UNS  N08367)  and  a  Cr-Ni-Mn-Mo  variety  (UNS  S20910).  Table  1  lists  the  actual  chemical 
compositions  of  the  sheet  materials  used  for  making  the  test  specimens.  Note  that  two  heats  of  S3 1603  were 
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involved.  A  total  of  60  panels  measuring  4-mch  x  12-inch  x  ~  1/8-inch  (100  mm  x  400  mm  x  3  mm)  were  cut  and 
prepared  for  each  stainless  steel. 

A  total  of  24  specimens  of  each  alloy  were  butt  welded  by  the  tungsten  inert  gas  (GTAW)  process,  leaving 
raised  weld  beads  on  both  sides.  Whereas,  matching  filler  metal  was  used  in  welding  of  the  S3 1603  and  S20910 
panels,  alloy  625  (N06625)  filler  was  used  to  weld  the  N08367  test  panels.  All  24  welded  S3 1603  panels  were 
from  heat  #  1  material,  while  the  remaining  36  non-welded  panels  were  fi’om  heat  #2  material. 

Preparation.  Each  of  the  sheet  metal  panels  were  provided  with  one  or  two  drilled  1/2-inch  (13  mm) 
diameter  holes  to  facilitate  attachment  of  zinc  anodes  and/or  identification  tags.  In  addition,  each  panel  was 
stamped  with  an  identification  code  number. 

All  panel  edges  were  rounded  with  a  belt  sander  to  enhance  retention  of  the  coatings  that  was  subsequently 
applied.  Panels  were  then  degreased  with  acetone.  Next,  all  surfaces  of  the  welded  panels  were  grit  blasted  with 
80-mesh  aluminum  oxide  to  create  a  suitable  surface  anchor  profile  for  enhanced  coating  adhesion.  For  the  non- 
welded  panels,  one  of  the  bold  surfaces  was  intentionally  left  in  the  mill  finish  condition.  This  was  accomplished 
by  temporarily  bonding  two  panels  together  with  double-sided  “carpet  tape”  and  grit  blasting  the  exposed  surfaces. 
After  separation,  the  specimens  were  scrubbed  with  a  nylon  bristle  brush  and  rinsed  with  acetone  to  remove 
blasting  dust  and  any  residual  adhesive  from  the  tape.  From  this  point  onward  the  specimens  were  handled  with 
gloves  to  prevent  possible  surface  contamination. 

Surface  Roughness.  Three  specimens  of  each  alloy  were  selected  randomly  for  determination  of  surface 
roughness  of  the  original  mill  finish,  and  the  grit  blasted  surfaces.  A  hand-held  digital  surface  roughness  indicator 
(Rank  Taylor  Holson  -  Surtronic  10)  was  utilized.  Table  2  gives  the  average  surface  roughness  values  based  on 
nine  measurements  (three  per  panel  side).  As  can  be  seen,  grit  blasting  significantly  enhanced  the  2B  mill- 
produced  surfaces  of  the  S3 1603  and  S20910  material,  but  had  minimal  affect  on  the  already  rough  N08367  mill 
surfaces. 

Tvpically,  a  2  to  3  mil  (50  to  75  pm)  anchor  pattern  profile  is  recommended  (e.g.,  SSPC  -  SPIO)  in 
preparation  for  painting  of  carbon  steel.  The  target  profile  for  the  stainless  steel  test  panels  was  1  to  2  mils  (25  to 
50  um).  Based  on  post-test  cross-sectional  metallographic  examination  of  randomly  selected  specimens  (see,  for 
example,  Figure  1) ,  a  profile  of  less  than  1  mil  (25.4  pm)  was  actually  achieved  for  these  stainless  steels  with  the 
80-mesh  alumina  grit  blasting. 

Coating  Systems 

On  vessels  with  carbon  steel  hulls,  it  is  standard  practice  to  apply  an  anti-corrosion  barrier  coating  which 
is  subsequently  topcoated  with  antifouling  paint..  For  the  present  series  of  tests,  the  barrier  coating  comprised  two 
layers  (gray  over  red)  of  a  2-part  epox>',  applied  by  spraying.  The  generically  identified  antifouling  coatings  were 
an  ablative  copper  (Cu)  type  (red)  and  a  low  surface  energy  elastomeric  (black).  These  were  spray  applied  over 
the  barrier  coating  according  to  the  manufacturers’  recommendations.  The  elastomeric  paint  system  comprised  an 
intermediate  tie  coat  applied  over  the  second  layer  of  barrier  coating.  Equal  numbers  of  anticorrosion  coated 
specimens  were  prepared  with  and  without  antifouling  coating.  Six  welded  sheet  specimens  of  each  alloy  left  in  the 
uncoated  condition. 

Preparation  and  Exposure  of  Fully  Coated  Panels  for  One-Year  Test 

All  welded  and  non-welded  panels  intended  for  one-year  exposure  to  natural  seawater  fouling  conditions 
were  fully  coated.  A  pretest  inspection,  however,  revealed  the  presence  of  coating  “defects”  on  some  specimen 
edges  where  paint  coverage  was  more  difficult  and  where  “blind”  sites  were  created  at  panel  supports  during 
spraving.  Based  on  post-test,  dry  film  thickness  measurements  on  randomly  selected  panels,  the  thickness  of  the 
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two  coats  of  epoxy  was  approximately  10  mils  (250  pm).  Total  thickness  of  the  ablative  Cu  and  elastomeric  paint 
systems  (including  the  barrier  coats)  was  approximately  15  mils  (375  pm)  and  20.5  mils  (513  pm),  respectively. 

Intentional  coating  defects  were  created  on  both  sides  of  the  non-welded  specimens  by  introducing  a  8-inch 
(203  mm)  long  scribe  through  all  layers  of  paint  with  a  carbide  tipped  (lathe/shaper  type)  tool. 

One-half  of  the  total  number  of  painted  specimens  intended  for  the  one-year  test  were  fitted  with  two  1- 
inch  (25.4  mm)  diameter  zinc  anodes,  which  were  secured  with  S3 1600  stainless  steel  fasteners  (Figure  2).  A 
circular  cutting  tool  was  used  to  remove  the  layers  of  paint  down  to  bare  metal  to  facilitate  mating  with  the  anode 
surface. 


Using  porcelain  insulators,  the  specimens  were  mounted  on  aluminum  exposure  racks  (Figure  3).  A  total 
of  six  racks,  each  with  18  coated  panels,  and  one  rack  with  18  imcoated,  welded  control  specimens  (9  with  and  9 
without  anodes)  were  exposed.  Each  rack  held  one  welded  and  one  non-welded  (wth  defect)  panel  of  each  of  the 
three  alloys  and  the  three  coating  systems.  Three  racks  held  coated  specimens  protected  by  zinc  anodes,  and  three 
more  with  freely  corroding  specimens.  Each  rack  also  held  one  PVC  fouling  control  panel  and  one  90/10  CuNi 
(UNS  C70600)  antifouling  control  panel. 

Conditions.  The  seven  racks,  containing  a  total  of  126  stainless  steel  panels,  were  suspended  about  18- 
inches  below  the  seawater  surface  from  the  LaQue  Center’s  test  float  located  on  Banks  Channel,  Wrightsville 
Beach,  NC.  Testing  commenced  in  late  summer  at  an  ambient  seawater  temperature  of  25.7°C.  During  the  one- 
year  period,  temperatures  ranged  firom  5.1°C  to  29.6°C.  The  mean  temperature  was  13.4°C  for  the  initial  six 
months,  and  18.2°C  for  the  12  months.  Table  2  provides  a  summary  of  the  seawater  hydrology  for  the  first  and 
last  six  months  of  the  test. 

Preparation  and  Exposure  of  Partially  Coated  Specimens  for  6-Month  Filtered  Seawater  Test 

A  total  of  54  specimens  were  masked  and  spray  painted  with  the  three  coating  systems  described  above, 
leaving  20%  or  80%  of  the  total  surface  bare,  see  Figure  4.  The  intention  of  the  partial  coating  was  two-fold;  first, 
to  create  potential  crevice  sites  at  the  bare  metal-to-coating  interface  and  second,  to  investigate  effect  of  cathodic 
surface  size  on  crevice  corrosion  behavior.  This  was  intended  to  simulate  coating  damage  or  disbondment  over 
small  or  large  areas. 

Conditions.'  Figure  5  shows  the  method  of  supporting  the  partially  coated  panels  which  were  exposed  in  a 
193  gal.  (730  L)  capacity  polyethylene  tank  plumbed  with  PVC  piping.  Filtered  (5  pm)  seawater  was  continually 
introduced  at  a  rate  of  0.3  gpm  (-1.1  L/min)  which  provided  the  equivalent  of  2.2  complete  changes  daily.  Quartz 
heaters  were  used  during  the  colder  months  to  maintain  the  seawater  temperature  above  25°C.  The  average 
temperature  was  30.8°C  during  this  6-month  test.  A  recirculation  pump  pro'vided  uniform  heating  within  the  tank. 

The  source  seawater  hydrology  for  this  6-month  test  was  the  same  as  that  shown  in  Table  2  for  the  initial 
6  months. 

Post-test  Cleaning  and  Assessment 

Following  an  initial  post-test  inspection,  the  6-month  test  specimens  were  washed  using  low  pressure  tap 
water  and  scrubbed  -with  a  nylon  bristle  brush  to  remove  the  accumulated  corrosion  products.  This  also  resulted  in 
the  removal  of  some  of  the  coatings,  particularly  those  applied  to  the  mill  (2B  finish)  surfaces  of  the  S3 1603  and 
S20910  specimens.  A  plastic  scraper  was  used  to  remove  additional  areas  of  disbonded  paint  to  facilitate 
inspection  for  crevice  attack.  Next,  the  bare  metal  portions  of  the  panels  were  dipped  in  30%  HNO3  at  room 
temperature  to  remove  the  calcareous  deposits  and  reveal  the  specimen  identification  codes.  Cleaning  of  the  12- 
month  specimens  was  limited  to  removal  of  the  accumulated  fouling,  brushing  with  tapwater  and  some  scraping 
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around  affected  areas.  In  addition  to  measuring  the  affected  area  of  each  crevice  site,  maximum  depths  of  attack 
were  determined  with  a  needle  point  dial  depth  indicator. 

RESULTS  AND  DISCUSSION 


Six-Month  Test,  Filtered  Seawater 

Testing  in  the  filtered  seawater  tank  initially  provided  an  opportunit\-  for  in-situ  inspection  of  the  partially 
coated  panels.  Evidence  of  crevice  corrosion  at  the  paint-to-bare  metal  interfaces  was  detected  on  a  number  of 
specimens  ranging  from  a  few  days  to  a  few  weeks.  It  was  also  apparent  that  calcareous  mineral  deposits  were 
developing  on  the  exposed,  cathodic  surfaces  of  the  panels. 

Figure  6  provides  after-cleaning  examples  of  crevice  corrosion  affecting  the  partially  coated  specimens. 
Tables  4  to  6  identify  the  surfaces  which  incurred  crevice  corrosion  and  provide  data  on  propagation  in  terms  of 
affected  area  and  maximum  depth  of  attack. 

S31603.  From  Table  4,  it  can  be  seen  that  aU  18  partially  coated  S3 1603  specimens  exhibited  some 
degree  of  attack  on  both  the  grit  blasted  and  mill-produced  2B  surfaces.  Those  specimens  with  only  20%  paint 
coverage  (larger  cathodic  surface  exposed)  generally  incurred  the  most  attack  in  terms  of  affected  area.  Results 
indicate  no  major  differences  in  affected  area  relative  to  surface  condition.  However,  for  those  panels  with  80% 
paint  coverage  (smaller  cathodic  area),  there  was  consistently  less  attack  found  on  the  mill-produced  surfaces. 
Table  4  also  shows  that  the  Type  316L  panels  painted  with  the  elastomeric  antifouling  system  consistently 
exhibited  less  attack  than  those  with  the  ablative-Cu  coating  or  just  the  anti-corrosion  barrier  coating. 

Table  4  shows  that  depths  of  attack  for  the  partially  coated  S3 1603  specimens  ranged  from  0.01  mm 
(slightly  more  than  an  etch)  to  over  2  mm  in  six  months.  The  most  reproducible  results  among  replicate  specimens 
is  observed  for  the  grit  blasted  surfaces  20%  coated  with  the  barrier  and  ablative  Cu  systems,  and  the  mill  surfaces 
80%  coated  with  the  barrier  system. 

N08367.  From  Table  5,  it  can  be  seen  that  50%  of  the  primary  crevice  sites  created  at  the  coating 
interfaces  were  found  to  be  resistant.  Most  of  these  were  present  on  the  panels  80%  coated.  For  those  panels  20% 
coated,  there  were  more  resistant  sites  on  the  mill  finished  surfaces  than  on  grit  blasted  surfaces.  However,  for 
those  mill  surfaces  on  which  attack  did  initiate  the  affected  areas  were  larger  relative  to  the  affected  grit  blasted 
surfaces.  Overall,  the  affected  areas  on  the  grit  blasted  surfaces  of  N08367  panels  were  similar  or  smaller  than 
those  found  on  comparable  S3 1603  surfaces.  The  data  shown  in  Table  5  suggest  that  the  overall  resistance  of 
N08367  to  initiation  and  lateral  propagation  beneath  the  coating  was  independent  of  the  coating  system  applied. 

From  Table  5,  it  can  be  seen  that  N08367  test  panels  incurred  penetrations  which  ranged  in  depth  from 
0.01  mm  to  1.25  mm.  This  is  similar  to  the  range  observed  over  60?/o  of  the  sites  on  the  S31603  panels.  For  the 
grit  blasted  surfaces,  those  with  80%  paint  coverage  consistently  exhibited  the  least  penetration. 

S20910.  Crevice  corrosion  was  also  detected  at  all  36  coating/bare  metal  interfaces  on  the  S20910  panels. 
The  affected  areas  are  indicated  in  Table  6.  Overall,  the  mill  surfaces,  particularly  those  with  80%  paint  coverage, 
were  the  least  affected.  Panels  with  only  20%  paint  coverage  may  have  been  influenced  by  the  applied  coating.  As 
with  S3 1603,  S20910  panels  with  the  elastomeric  system  were  on  average  more  resistant  to  lateral  propagation 
than  those  with  either  the  ablative-Cu  system  or  the  barrier  coatings  alone.  Similar  behavior  is  suggested  by  the 
data  for  mill-finish  surfaces  80%  coated. 

Maximum  depth  of  attack  results  for  the  partially  coated  S20910  specimens  are  also  provided  in  Table  6. 
The  overall  range  measured  (<0.01  mm  to  1.97  mm)  was  comparable  to  that  noted  above  for  S3 1603  panels.  The 
deepest  attack  was  found  on  grit  blasted  surfaces  20%  coated  with  the  barrier  plus  antifouling  paints.  With  only 
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one  exception,  surfaces  prepared  by  grit  blasting  exhibited  deeper  penetrations  than  those  with  the  coating  applied 
directly  over  the  mill  finish. 

One- Year  Test  Overview 

All  seven  test  racks  described  above  were  exposed  fi-om  the  LaQue  Center’s  test  float  for  one  full  year. 

One  test  rack,  including  the  unprotected  coated  specimens  mounted  on  it,  was  briefly  removed  after  six  months  for 
an  interim  inspection.  An  appreciable  amount  of  marine  fouling  was  observed  on  test  specimens  with  the  epoxy 
barrier  coating  only.  Under  these  nominally  quiescent  conditions,  even  the  elastomeric  coated  panels  were 
encapsulated  in  fouling,  predominately  encrusting  bryzoa.  The  degree  of  fouling  obscured  visual  inspection  of  the 
scribed  defects  without  disturbance,  except  for  the  panels  coated  with  the  ablative  Cu  which  exhibited  no  evidence 
of  crevice  corrosion. 

In  the  ensuing  six  months,  the  degree  of  fouling  increased,  especially  the  development  of  tunicates  (sea 
squirts),  on  the  barrier  coated  specimens.  It  was  observed  that  the  presence  of  zinc  anodes  did  not  alter  the 
antifouling  characteristics  of  the  ablative  Cu  coating.  This  is  apparently  due  to  effective  isolation  of  barrier  paint 
coatings.  It  is  also  conceivable  that  the  Cu-containing  coating  was  not  sufficiently  conductive  to  be  influenced  by 
the  anodes. 

Cathodic  Disbondment.  Removal  of  the  tunicates  from  the  cathodically  protected  barrier  coated  panels 
also  resulted  in  removal  of  large  areas  of  coating.  While  disbondment  occurred  on  mill-produced  and  grit  blasted 
surfaces  for  all  three  alloys,  it  was  most  prevalent  on  the  S3 1603  and  S20910  panels.  Since  there  was  little  in  the 
way  of  tunicate  attachments  on  the  elastomeric  coated  panels,  and  none  on  the  ablative-Cu  coated  ones,  any 
cathodic  disbondment  was  not  apparent  on  those  specimens  at  this  stage  of  the  inspection.  However,  as  described 
below,  blistering  of  the  coatings  was  detected. 

Final  One-Year  Inspection  Results  for  Coated  Specimens  Without  Zinc  Anodes 

Table  7  summarizes  the  after-cleaning  inspection  results  for  the  27  non-welded,  coated  specimens  tested 
with  intentional  scribed  defects.  As  shown,  11%  of  the  54  scribed  areas  were  affected^  most  of  the  affected  sites  )( 
were  on  panels  with  the  ablative-Cu  coatmg  applied  over  the  barrier  coating  and  mainly  S3 1603  and  S20910  test 
panels  (see  Figure  7).  Only  a  single  scribed  site  on  the  N08367  panels  showed  evidence  of  superficial  crevice 
corrosion.  Very  shallow  attack  (<0.01  mm)  was  found  at  the  affected  scribe  areas.  This  can  be  attributed  to  the 
insignificant  cathodic  surface  area  available  to  support  crevice  corrosion  propagation.  As  indicated  by  the  letter 
code  E  in  Table  7,  some  specimens  exhibited  areas  of  superficial  crevice  attack  extending  inward  from  the  panel 
edges.  This  attack  may  have  initiated  at  some  of  the  coating  defect  sites  observed  before  exposure,  or  created  at  the 
porcelain  insulator  mounting  locations. 

Table  8  gives  the  after-cleaning  inspection  results  for  the  27  fully  coated  (without  intentional  defects) 
welded  specimens  exposed  without  cathodic  protection  from  zinc  anodes.  No  evidence  of  corrosion  products, 
indicative  of  crevice  corrosion,  was  found  anywhere  on  these  specimens,  including  locations  associated  with  the 
specimen  mounting  sites.  Moreover,  there  w'as  no  evidence  of  coating  blisters  or  disbondment.  Accordingly,  the 
intact  coatings  were  not  removed  to  verify  the  absence  of  attack  on  the  substrate. 

Final  One-Year  Inspection  Results  for  Coated  Specimens  Exposed  With  Zinc  Anodes 

No  evidence  of  crevice  corrosion  was  detected  on  any  of  the  fully  coated  specimeiB  (with  and  without 
scribed  or  other  defects)  exposed  with  zinc  anodes.  However,  coating  blisters  and  some  instances  of  coating 
disbondment  were  observed. 
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Table  9  summarizes  the  incidence  of  blistering  and  significant  coating  disbondment  for  the  various 
substrates.  It  should  be  recalled  that  both  surfaces  of  the  welded  specimens  were  grit  blasted  prior  to  coating, 
while  non-welded  specimens  were  blasted  only  on  one  surface.  From  Table  9,  it  is  evident  that  the  highest 
incidence  of  blistering  occurred  for  specimens  with  the  barrier  and  ablative-Cu  coatings.  Many  of  the  specimens 
with  only  the  barrier  coating  exhibited  disbondment.  However,  disbondment  was  observed  on  only  a  few 
specimens  with  antifouling  coatings  which  can  be  ascribed  to  prevention  of  tunicate  attachments.  Surface 
preparation  and  coating  type  notwithstanding,  N08367  substrate  exhibited  the  least  coating  disbondment.  The 
S31603  panels  exhibited  the  least  number  of  surfaces  with  bhsters.  For  S31603  and  S20910  panels,  there  was  a 
greater  tendency  for  blistering  on  the  as-produced  mill  surfaces  than  those  grit  blasted.  On  the  other  hand,  surface 
preparation  did  not  appear  to  influence  large  scale  disbondment  of  the  coating  on  these  panels. 

Uncoated  Welded  Specimens 

As  expected,  all  test  panels  cathodically  protected  with  the  zinc  anodes  were  resistant  to  localized 
corrosion  during  the  one-year  test  peripd.  All  three  welded  N08367  specimens  exposed  without  zinc  anodes  were 
also  fully  resistant.  In  the  case  of  unprotected  S20910,  several  cases  of  barnacle  related  crevice  corrosion  and 
localized  attack  on  specimen  edges  were  found  on  two  of  the  three  welded  specimens.  In  contrast,  all  three 
unprotected  S3 1603  specimens  exhibited  barnacle  related  crevice  attack  on  both  surfaces,  edge  attack,  and  very- 
extensive  corrosion  at  the  weld-to-base  metal  interface  and  adjacent  heat  affected  zone  (HAZ).  An  example  of  the 
barnacle  and  weld  attack  incurred  by  the  S3 1603  specimens  is  shown  in  Figure  8.  Several  S3 1603  and  S20910 
panels  also  exhibited  tunneling  which  propagated  from  edge  pits. 

SUMMARY  AND  CONCLUSIONS 

The  predominant  failure  mode  for  stainless  steels  in  seawater  is  crevice  corrosion.  A  test  program  to 
assess  the  influence  of  barrier  and  antifouling  coatings  systems  on  the  crevice  corrosion  resistance  of  three 
different  grades  of  austenitic  stainless  steels  was  devised  and  executed.  The  alloys  tested  were  UNS  S31603,  UNS 
S20910  and  UNS  N08367.  In  addition  to  epoxy  barrier  paint,  antifouling  coatings  include  ablative-Cu  and  a  low- 
surface  energy-  elastomeric  type  system.  Both  welded  and  non-welded  materials  were  tested.  Welded  specimens 
were  tested  in  the  fully  coated  condition  while  non-w-elded  specimens  were  either  partially  coated  or  prepared  with 
intentionally  scribed  defects.  Other  test  variables  included  material  surface  finish  and  exposure  conditions.  A  six- 
month  test  comprised  exposure  of  partially  coated  (two  area  ratios  of  coated-to-bare  metal)  panels  in  w'arm, 
controlled  temperature,  filtered  seawater.  A  longer  term  (12-month)  test  comprised  exposure  to  ambient 
temperature  natural  seawater,  with  its  complement  of  marine  organisms.  The  latter  test  included  specimens  which 
were  exposed  with  and  without  zinc  anode  protection.  The  following  key  observations  and  conclusions  are 
presented: 

Bare  Metal  Behavior  (one-year  test) 

Welded  S3 1603  specimens  exhibited  crevice  corrosion  at  barnacle  sites,  localized  pitting  and  tuimeling 
attack  originating  at  cut  edges,  as  well  as  severe  weld  and  adjacent  fusion  line/heat  affected  zone  attack.  When 
exposed  with  zinc  anodes,  S3 1603  was  fully  resistant. 

Welded  S20910  also  exhibited  some  barnacle  related  corrosion  and  edge  attack,  but  none  at  the  weldment. 
Specimens  with  zinc  anodes  were  fully  resistant  to  corrosion. 

All  N08367  specimens  exposed  with  or  without  zinc  anodes  were  fully  resistant  to  corrosion. 
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Partially  Coated  Sheet  Specimens  (six-month  test) 

All  three  alloys  tested  incurred  extensive  crevice  corrosion  which  initiated  at  the  coating/bare  metal 
interface.  However,  variations  in  both  affected  area  and  depth  of  attack  were  found  from  side-to-side  and 
specimen-to-specimen.  Such  variations  are  also  encountered  in  tests  involving  other  types  of  crevice  formers. 

For  S31603  and  S20910  grit  blasted  surfaces  were  generally  more  affected  than  those  with  the  original  2B 
mill  finish.  It  is  believed  that  the  much  better  adhesion  to  grit  blasted  surfaces  resulted  in  a  more  critical  crevice 
geometry  which  contributed  to  lateral  propagation  of  attack  beneath  the  coating. 

Exposed  surface  area  appeared  to  have  the  greatest  influence  on  N08367.  Affected  crevice  area  and  depth 
of  attack  diminished  as  the  amount  of  exposed  (cathodic)  area  was  reduced. 

Fully  Coated  Specimens  With  Anodes  (one-year  test) 

No  evidence  of  corrosion  was  found  on  any  of  the  cathodically  protected,  fully  coated  welded  specimens  or 
fully  coated  non-welded  specimens  exposed  with  intentional  or  inadvertent  defects. 

Many  of  the  cathodically  protected  specimens  developed  coating  blisters  and  a  number  experienced  partial 
disbonding  of  the  coating. 

Coating  disbondment  was  most  apparent  for  those  specimens  coated  with  only  epoxy  barrier  type  paint  to 
which  marine  growth  became  firmly  attached. 

Under  the  nominally  quiescent  test  conditions,  the  ablative-Cu  coated  specimens  developed  only  silt  and 
slime-like  fouling  while  those  with  the  elastomeric  type  coating  became  encrusted  with  bryzoa.  These  results 
indicate  that  antifouling  characteristics  of  the  ablative-Cu  coating  were  not  affected  by  the  anodes  attached  to  the 
substrate.  In  contrast,  bare  and  epoxy  coated  specimens  were  nearly  fully  covered  with  tunicates  (sea  squirts),  and 
some  barnacles  and  other  crustaceans. 

Fully  Coated  Non-welded  Specimens  Without  Anodes  (one-year  test) 

When  exposed  without  zinc  anodes,  no  blistering  developed  in  the  coating;  and  disbonding  appeared  to  be 
limited  to  areas  where  crevice  corrosion  had  developed.  Except  for  superficial  attack  on  one  panel  at  a  scribe  site, 
the  N08367  specimens  were  otherwise  unaffected. 

In  contrast,  several  S3 1603  and  S20910  specimens  incurred  very  minor  crevice  attack  adjacent  to  the 
scribe.  This  appeared  mostly  on  those  specimens  with  the  ablative-Cu  applied  over  the  epoxy  anticorrosion 
barrier. 

General  Comments 

It  remains  uncertain  if  stainless  steel  prepared  with  other  surface  treatments  or  coated  with  an  inorganic 
zinc  primer  beneath  the  epoxy  barrier  coating  would  have  behaved  significantly  differently. 
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TABLE  1 

COMPOSITION  OF  MATERIALS  TESTED 


Chemical  Composition  (wt%) 

UNS  Designation 

c 

Cr 

Ni 

Mo 

Si 

Mn 

N 

Cu 

S 

P 

S31603' 

16.49 

10.17 

2.06 

0.38 

1.79 

0.034 

0.29 

0.013 

0.030 

831603^ 

waaBi 

16.42 

10.23 

2.10 

0.48 

1.89 

0.04 

— 

0.001 

0.028 

N08367 

0.017 

20.48 

23.90 

6.22 

0.39 

0.35 

0.21 

0.21 

0.0004 

0.021 

S20910 

0.048 

20.98 

14.20 

2.15 

0.34 

6.28 

0.22 

“ 

0.010 

0.022 

'  heat  #  1  used  exclusively  for  welded  specimens 
^  heat  #2 
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TABLE  2 

AVERAGE  SURFACE  ROUGHNESS 


S3 1603 

S20910 

NOJ 

5367 

Ra  (uin) 

Ra  (|im) 

Ra  (ixin) 

Ra  (|im) 

K^kfssn 

mill-finish 

13.4 

0.3 

3.4 

<0.1 

100.2 

2.5 

grit  blasted 

77.0 

1.9 

1  59.5 

1.5 

105.6 

2.6 

TABLE  3 

SOURCE  SEAWATER  HYDROLOGY* 


Initial  6  Months^ 

Final  6  Months 

Temperature 

25.4-7.6 

9.5-28.9 

Dissolved  O2  (mg/L) 

5,6 -9.8 

4.6 -9.0 

Percent  Saturation 

81  -  100 

72  -  100 

pH 

7.8 -8.1 

7.6 -8.0 

Salinity  (g/L) 

26.2  -36.1 

28.2-39.7 

Chlorinity  (g/L) 

14.5  -  19,8 

15.6-22.0 

Sulfate  (mg/L) 

1950  -2800 

2160-2480 

Conductivity  (mmhos/cm)* 

32.5  -45.4 

32.5  -52.6 

Total  Fe  (mg/L)* 

0.038  -0.162 

0.033  -0.235 

Copper  ( mg/L)* 

<0.001  -0.002 

0.001 

Ammonia  (mg/L)* 

<0.05 

<0.05  -  0.06 

Sulfide  (mg/L)* 

<0.005 

<0.005 

'  Weekly,  except  monthly  where  indicated  * 

^  Corresponds  also  to  6-month  filtered  seawater  test 
Temperature  at  sampling  time 
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TABLE  4 

CREVICE  CORROSION  INITIATION  AND  PROPAGATION  BEHAVIOR  OF  PARTIALLY  COATED 
S31603  STAINLESS  STEEL  PANELS  IN  SIX-MONTH  FILTERED  SEAWATER  TEST  AT  30°C 


Affected  Crevice  Area  (cm^) 

20%  Paint  Coverage 

80%  Paint  Coverage 

Coating 

System 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

A)  Barrier 

04 

33.5 

29.5 

5.8 

05 

29.5 

26.8 

15.0 

06 

53.5 

52.5 

06 

26.0 

2.8 

avg. 

41.5 

38.5 

avg. 

27.4 

7.8 

; 

B)  Barrier  + 

10 

35.0 

43.0 

11 

32.0 

7.0 

Ablative-Cu 

11 

36.5 

40.0 

12 

27.0 

2.5 

12 

41.5 

31.5 

13 

21.0 

30.0 

avg. 

37.7 

38.2 

avg. 

26.7 

13.2 

C)  Barrier  + 

16 

28.0 

26.5 

09 

8.0 

7.0 

Elastomeric 

17 

25.5 

28.0 

16 

14.5 

6.5 

18 

28.0 

16.5 

17 

17.0 

6.3 

avg- _ 

24.5 

23.7 

avg. 

13.2 

6.6 

Maximum  Depth  (mm) 

20%  Paint  Coverage 

80%  Paint  Coverage 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

A)  Barrier 

04 

1.58(E) 

1.71 

04 

0.43 

0.10 

05 

1.72(E) 

0.30 

05 

1.83 

0.01 

06 

1.61 

0.53 

06 

2.13 

0.02 

B)  Barrier  + 

10 

1.24 

0.95 

11 

1.35 

0.04 

Ablative-Cu 

11 

1.10 

1.12 

12 

1.41 

0.01 

12 

1.21 

0.26 

13 

0.20 

0.42 

C)  Barrier  + 

16 

0.82 

1.25 

09 

0.20 

0.26 

Elastomeric 

17 

0.52 

1.61 

16 

2.10 

18 

0.51 

1.70 

17 

1.77 

(E)  Denotes  perforation  within  1/2-inch  (13  mm)  of  edge 
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TABLE  5 

CREVICE  CORROSION  INITIATION  AND  PROPAGATION  BEHAVIOR  OF  PARTIALLY 
COATED  N08367  PANELS  IN  SIX-MONTH  RLTERED  SEAWATER  TEST  AT  30°C 


Affected  Crevice  Area  (cm^) 

20%  Paint  Coverage 

80%  Paint  Coverage 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

Panel 

Code 

Grit  Blasted 
Surface 

A)  Barrier 

04 

6.8 

52.0 

04 

0.0 

0.0 

05 

15.0 

05 

0.0 

0.0 

06 

1.0 

25.3 

06 

0.6 

0.0 

B)  Barrier -1- 

10 

;  0.0 

0.0 

10 

0.0 

Ablative-Cu 

11 

17.3 

0.0 

11 

0.0 

28.5 

12 

2.0 

0.0 

12 

0.6 

0.0 

C)  Barrier  + 

16 

16.5 

45.0 

16 

0.0 

0.0 

Elastomeric 

17 

0.0 

0.0 

17 

17.5 

10.3 

18 

7.0 

53.0 

18 

0.0 

29.0 

Maximum  Depth  (mm) 

20%  Paint  Coverage 

80%  Paint  Coverage 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

A)  Barrier 

04 

0.05 

0.96 

04 

0.00 

0.00 

05 

0.93 

0.00 

05 

0.00 

06 

* 

06 

0.20 

B)  Barrier  + 

10 

0.00 

0.00 

10 

0.00 

0.00 

Ablative-Cu 

11 

1.25 

0.00 

11 

0.00 

0.50 

12 

0.63 

0.00 

12 

0.40  , 

0.00 

C)  Barrier  + 

16 

0.58 

0.53 

16 

0.00 

Elastomeric 

17 

0.00 

0.00 

17 

0.01 

0.20 

18 

0.07 

0.57 

18 

0.00 

0.22 

*  Measurable  attack  limited  to  within  1/2-inch  (13  mm)  of  panel  edge. 
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TABLE  6 

CREVICE  CORROSION  INITIATION  AND  PROPAGATION  BEHA\TOR  OF  PARTIALLY 
COATED  S20910  PANELS  IN  SIX-MONTH  HLTERED  SEAWATER  TEST  AT  30°C 


Affected  Crevice  Area  (cm^) 

20%  Paint  Coverage 

80%  Paint  Coverage 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surfece 

A)  Barrier 

04 

22.5 

37.5 

04 

20.5 

15.5 

05 

54.5 

30.0 

05 

38.0 

4.5 

06 

45.0 

37.5 

06 

25.5 

19.5 

WESM 

40.7 

35.0 

avg. 

28.0 

13.2 

,  ' 

B)  Barrier  + 

10 

39.0 

26.8 

10 

36.5 

6.5 

Ablative-Cu 

11 

33.5 

37.5 

11 

26.5 

10.5 

12 

36.0 

8.5 

12 

42.0 

4.5 

avg. 

36.2 

24.3 

avg. 

35.0 

7.2 

C)  Barrier  + 

13 

24.0 

9.3 

16 

21.8 

1.7 

Elastomeric 

16 

23.0 

9.8 

17 

23.5 

1.7 

17 

23.8 

13.8 

18 

27.5 

1.6 

avg. 

23.6 

10.9 

24.3 

1.7 

Maximum  Depth  (mm) 

20%  Paint  Coverage 

80%  Paint  Coverage 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

A)  Barrier 

04 

0.15 

1.05 

04 

1.07 

0.26 

05 

1.15 

0.50 

05 

0.59 

0.00* 

06 

0.24 

0.73 

06 

0.16 

0.13 

B)  Barrier  + 

10 

1.97 

11 

<0.01 

Ablative-Cu 

11 

1.23 

1.39 

12 

0.04 

12 

1.46 

0.11 

13 

0.84 

<0.01 

C)  Barrier  -r 

13 

1.84 

0.29 

16 

0.78 

0.08 

Elastomeric 

1.42 

0.60 

17 

0.91 

0.00* 

17 

1.32 

0.42 

18 

0.60 

0.00* 

*  Measurable  attack  within  1 /2-inch  (13  mm)  of  panel  edge 
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TABLE? 

RESULTS  FOR  NON-WELDED,  COATED  AND  SCRIBED  SPECIMENS  EXPOSED 
FOR  ONE  YEAR  WITHOUT  CATHODIC  PROTECTION  FROM  ZINC  ANODES 


Coating 

Substrate 

Alloy 

Specimen 

Number 

Observed  Rust  Indicative  of 
Crevice  Corrosion  at  Scribe 

Coating 

Blisters 

Front  (blasted) 

Back  (mill) 

Barrier 

S3 1603 

7 

None 

None  (E) 

None 

8 

None 

None 

None 

9 

None 

Yes  (D) 

None 

N08367 

25 

None 

None 

None 

26 

None 

None 

None 

27 

None 

None 

None 

S20910 

44 

None  (E)(D) 

None 

45 

Yes  (E)(D) 

hbshi 

None 

46 

None 

Yes  (D) 

None 

Barrier  + 
Ablative-Cu 

S3 1603 

63 

None  (E) 

None  (E) 

None 

64 

Yes 

None 

None 

65 

Yes 

None 

None 

N08367 

81 

None 

None 

None 

82 

Yes  X 

None 

None 

83 

None 

None 

None 

S20910 

None  (E) 

None 

101 

Yes 

None 

None 

102 

Yes 

None 

None 

Barrier  + 
Elastomeric 

S3 1603 

119 

None 

Yes  ^ 

None 

120 

None 

None 

None 

121 

None 

None 

None 

N08367 

137 

None 

None 

None 

138 

None 

None 

None 

139 

None 

Yes  Y 

None 

S20910 

156 

Yes  / 

None 

None 

157 

None 

None 

None 

158 

None 

None 

None 

E  =  attack  found  at  panel  edge 
D  =  delamination  associated  with  crevice  corrosion 
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TABLE  8 

SUMMARY  OF  RESULTS  FOR  FULLY  COATED,  WELDED  SPECIMENS  EXPOSED 
FOR  ONE  YEAR  WITHOUT  CATHODIC  PROTECTION  FROM  ZINC  ANODES 


Coating 

Substrate 

Alloy 

Specimen 

Number 

Observed  Rust  Indicative 
of  Crevice  Corrosion 

Coating 

Blisters 

Front  (blasted) 

Back  (mill) 

Barrier 

S3 1603 

1 

None 

mlfjjljSliyillll 

None 

2 

None 

None 

3 

None 

None 

None 

N08367 

19 

None 

None 

None 

20 

None 

None 

None 

21 

None 

None 

None 

S20910 

38 

None 

None 

None 

39 

None 

None 

None 

40 

None 

None 

None 

Barrier  + 
Ablative-Cu 

S3 1603 

57 

None 

None 

58 

None 

None 

59 

None 

None 

None 

N08367 

75 

None 

None 

None 

76 

None 

None 

None 

77 

None 

None 

None 

S20910 

94 

None 

None 

None 

95 

None 

None 

None 

96 

None 

None 

None 

Barrier  + 
Elastomeric 

S3 1603 

113 

None 

None 

None 

114 

None 

None 

None 

115 

None 

None 

None 

N08367 

131 

None 

None 

None 

132 

None 

None 

None 

133 

None 

None 

None 

S20910 

150 

None 

None 

None 

151 

None 

None 

None 

152 

None 

None 

None 
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TABLE  9 

NUMBER  OF  CATHODICALLY  PROTECTED  SPECIMEN  SURFACES  EXHIBITING 
BLISTERING  AND/OR  COATING  DISBONDMENT  IN  ONE-YEAR  SEAWATER  TEST 


Allov 

Condition 

Observed  Blistering 

Disbondment-Substrate  Revealed 

Barrier 

Barrier  + 
Ablative-Cu 

Barrier  + 
Elastomeric 

Barrier 

Ablative-Cu 

Elastomeric 

Welded  Materials^ 

S3 1603 

blasted 

5/6 

6/6 

2/6 

0/6 

0/6 

N08367 

blasted 

5/6 

6/6 

3/6 

msmk 

0/6 

0/6 

S20910 

blasted 

5/6 

6/6 

6/6 

5/6 

0/6 

0/6 

Non-  Welded  Materials^ 

blasted 

2/3 

1/3 

2/3 

1/3 

0/3 

mill 

2/3 

2/3 

2/3 

3/3 

0/3 

0/3 

N08367 

blasted 

2/3 

1/3 

3/3 

2/3 

0/3 

0/3 

mill 

2/3 

2/3 

1/3 

0/3 

0/3 

0/3 

S20910 

blasted 

3/3 

1/3 

2/3 

2/3 

0/3 

1/3 

mill 

3/3 

2/3 

2/3 

1/3 

0/3 

1/3 

'  All  resistant  to  crevice  corrosion 


FIGURE  1  -  Cross-sectional  view  (original 
magnification  500X)  showing  surface  profile 
created  by  grit  blasting  the  stainless  steel  test 
panels  (shown  N08367). 


FIGURE  2  -  Representative  view  of  fully  coated 
test  panels  with  zinc  anodes.  Non-welded 
specimens  shown  have  intentionally  scribed  “defects”, 
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FIGURE  7  -  Example  of  crevice  corrosion  at 
scribed  location  on  (top)  S20910  test  panel  with 
epoxy  barrier  system  and  (bottom)  S3 1603  test 
panel  with  ablative-Cu  system. 


mm 

Vim _ _ 


FIGURE  6  -  Examples  of  crevice  corrosion  affecting 
partially  coated  stainless  steel  with  (left  to  right) 
bamer  coating  and  antifouling  ablative-Cu  and 
elastomenc  type  coating. 

(Top)  S3160'3  (80%  coated),  (center)  S20910  (20% 
coated),  and  (bottom)  N08367  (80%  coated). 


FIGURE  8  -  Localized  corrosion  damage  to 
uncoated  S3 1603  test  panel  exposed  to  seawater  for 
12  months. 
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Use  of  Coatings  to  Assess  the  Crevice  Corrosion  Resistance  of  Stainless  Steels  in 
Warm  Seawater 


Reference:  Kain,  R.  M.,  “Use  of  Coatings  to  Assess  the  Crevice  Corrosion 
Resistance  of  Stainless  Steels  in  Warm  Seawater,”  Marine  Corrosion  in  Tropical 
Environments,  ASTM STP  1399,  S.  W.  Dean,  G.  Hemandez-Duque  Delgadillo,  and  J.  B. 
Bushman,  Eds.,  American  Society  for  Testing  and  Materials,  West  Conshohocken,  PA, 
2000. 

Abstract:  This  paper  focuses  on  the  utility  of  epoxy-type  coatings  for  testing  the 
crevice  corrosion  resistance  of  a  variety  of  stainless  type  alloys  in  warm,  natural 
seawater.  Details  of  surface  preparation,  coating  application  and  exposure  to  30°C 
seawater  for  periods  of  up  to  six  months  are  provided.  Testing  comprised  exposure  of 
UNS  S3 1603,  UNS  N08367  and  UNS  S20910  in  one  or  more  of  the  following  forms: 
pipe,  sheet,  welded  plate.  Results  are  discussed  in  terms  of  alloy  resistance  to  crevice 
corrosion  initiation  and  propagation.  The  attributes  of  coatings  as  a  crevice  former  are 
reviewed.  While  alloy  N08367  was  clearly  the  most  resistance  to  crevice  corrosion 
initiation  at  coating  sites,  it  suffered  intense  attack  in  some  cases. 

Key  Words:  warm  seawater,  crevice  corrosion,  coatings,  austenitic  stainless  steel 

Introduction 

In  the  absence  of  cathodic  protection,  crevice  corrosion  is  the  most  problematic 
issue  affecting  stainless  steel  utilization  in  seawater  [1],  The  problem  is  particularly 
acute  in  warm  natural  seawater  where  the  cathodic  process  is  enhanced  by  the  ennobling 
effects  of  biological  films  which  form  on  stainless  steel  surfaces  [2].  Although  crevice 
corrosion  can  occur  in  cold  seawater,  propagation  of  attack  is  generally  greater  in  warm 
seawater.  Susceptibility  is  not  limited  just  to  the  common  “300  series”  grades  (e.g., 

UNS  S30400/  S30403  and  UNS  S3 1600/  S3 1603).  Under  certain  conditions,  higher 
alloyed  duplex  and  austenitic  stainless  steels,  including  “super”  varieties  are  also 
susceptible  [3-9],  Even  9  to  15  percent  molybdenum  containing  nickel-base  alloys  (e.g., 
UNS  N06625  and  UNS  N01276)  are  not  completely  immune  [5, 7,9],  Testing  and 
modeling  based  research  has  shown  that  crevice  corrosion  is  more  likely  to  occur  when 
crevices  are  deep  and  tight  [10-12].  Crevices  may  be  of  the  metal-to-metal  or  metal- 
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to-nonmetal  type.  Variations  in  alloy  behavior  can  result  from  differences  in  crevice 
geometry,  and  due  to  other  environmental  and  metallurgical  factors  described  elsewhere 
[11,12]. 

ASTM  Standard  Guide  for  Crevice  Corrosion  Testing  of  Iron-base  and  Nickel- 
base  Stainless  Alloys  in  Seawater  and  Other  Chloride-Containing  Aqueous  Environments 
(G78-95)  describes  a  number  of  different  types  of  non-metallic  crevice  devices  which 
have  been  used  to  investigate  crevice  corrosion.  Presently,  G78  does  not  address  the  use 
of  coatings  as  crevice  formers. 

Coatings  have  been  implicated  with  the  failure  of  “20Cr-6Mo”  alloy  condenser 
tubes  [6].  While  not  intentionally  coated,  overspray  from  a  condenser  tube  sheet  coating 
operation  produced  crevices  which  lead  to  the  tube  failures.  Problems  with  crevice 
corrosion  affecting  partially  coated  stainless  steel  and  nickel  alloy  electrochemical  test 
specimens  have  been  reported  by  several  researchers  [ 13, 14].  The  use  of  “coatings”  to 
investigate  crevice  corrosion  resistance  has  been  proposed  previously.  Cells  et  al.  [14], 
for  example,  proposed  testing  of  crevice  corrosion  susceptibility  by  a  photomasking 
technique  capable  of  producing  various  size  crevice-forming  dots  on  the  stainless  steel 
test  surfaces.  The  technique,  however,  relied  on  potentio-staircase  polarization  in  a 
simple  0. 1  M  KCl  solution. 

Earlier,  Degerbeck  and  Gille  [16]  described  simple  immersion  trials  conducted 
with  a  crevice  former  of  dried  plastic  from  a  felt  tip  pen.  Some  of  the  attributes 
described  for  this  technique  included; 

•  a  constant  critical  geometry 

•  no  need  for  a  fixture 

•  applicable  to  convex,  concave  and  uneven  surfaces  (e.g.,  weldments) 

•  crevice  area  can  be  varied 

•  simple  to  make  specimens 

Besides  the  inadvertent  coating  issue  described  previously,  there  are  occasions 
where  stainless  steel  might  be  intentionally  coated.  Coating  of  stainless  steel  has  been 
suggested,  for  example,  as  one  way  to  mitigate  galvanic  corrosion  when  stainless  steel  is 
the  cathodic  member  of  a  couple  [17],  In  some  applications,  there  may  be  need  to  coat 
stainless  steel  with  an  antifouling  type  paint,  to  minimize  fouling  in  general  and  to 
preclude  barnacle-related  crevice  corrosion.  The  behavior  of  three  different  grades  of 
stainless  steel  when  fully  and  partially  coated  with  epoxy  barrier  paints  and  antifouling 
type  paints,  in  a  recent  test  program,  are  reported  elsewhere  [8]. 

This  paper  discusses  three  series  of  tests  that  were  directly  and  indirectly  related 
to  reference  [8].  Results  of  two  of  these  have  not  been  published  previously.  Tests 
were  performed  on  three  diverse  grades  of  austenitic  stainless  steel:  Type  316L  (UNS 
S3 1603),  AL6XN™  (N08367)  and  a  Cr-Ni-Mn-Mo  alloy  (UNS  S20910).  N08367  is  the 
nitrogen-containing  version  of  the  “20Cr-6Mo”  alloy  (UNS  N08366)  which  had  suffered 
crevice  corrosion  under  the  epoxy  paint  over-spray  mentioned  earlier. 


AL6XN'’'*^  is  a  registered  trademark  of  Allegheny  Ludlum  Corporation,  Brackenridge,  PA 
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Experimental 

Materials  and  Specimens 

Table  1  gives  the  nominal  compositions  for  the  three  alloys  tested.  As  will  be 
described  later,  different  product  forms  from  different  heats  of  material  were  tested. 

Testing  included  exposure  of  2-inch  (50.8  mm)  diameter  pipe  specimens  of 
S3 1603,  1/8-inch  (~3  mm)  sheet  specimens  of  all  three  alloys,  and  1/2-inch  (12.7  mm) 
plate  specimens  of  S20910  and  N08367.  Surface  preparation  and  coating  details  are 
described  in  the  specific  test  series  sections. 


Table  1  -  Nominal  Composition  of  Test  Materials 


UNS  _ Weight  Percent 


Designation 

' 

Fe 

Cr 

Ni 

Mo 

Mn 

S* 

N 

S3 1603’ 

0.030 

Base 

16.0-18.0 

10.0-14.0 

2.0-3.0 

2.0* 

0.03 

520910^ 

0.06 

Base 

20.5-23.5 

11.5-13.5 

1.5-3.0 

4.0-6.0 

0.03 

0.22-0.4 

N08367^ 

0.03 

Base 

20.0-22.0 

23.5-25.5 

6.0-7.0 

2.0* 

0.03 

0.18-0.25 

N06625‘' 

0.10 

5.0* 

20.0-23.0 

Base 

8.0-10.0 

0.5* 

0.015 

— 

*  denotes  maximum 

'Type316L,  ^  22-13-5  alloy,  ^AL6XN 

^  alloy  625,  used  as  filler  metal  for  welded  N08367  specimens  in  Series  3 


Environments 

All  three  test  series  described  below  were  conducted  in  constantly  refreshed, 
recirculated,  filtered  (5-10  pm),  natural  seawater  at  an  average  temperature  of  30°C  ± 
2°C.  Table  2  provides  weekly  hydrology  data.  Series  1  and  Series  2  ran  concurrently  for 
60  days.  Subsequent  Series  3  tests  also  ran  up  to  60  days,  but  with  interim  removal  of 
some  specimens. 


Table  2  -  Weekly  Source  Seawater  Hydrology 


Series  1  and  2 

Series  3 

Temperature  "C' 

25.4-7.6 

29.4  -  14.9 

Dissolved  O2  (mg/L) 

5.6 -9.8 

4.7 -8.0 

Percent  Saturation 

81  -  100 

72-90 

pH 

‘  7.8 -8.1 

7.7 -8.0 

Salinity  (g/L) 

26.2-36.1 

25.8-35.6 

Chlorinity  (g/L) 

14.5  -  19.8 

14.5-20.4 

*  temperature  at  sampling  time 
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Series  1  —  Pipe  Tests 

As  noted  elsewhere  [9],  crevice  corrosion  of  alloy  625  (UNS  N06625)  was 
found  beneath  epoxy  paint  which  had  been  applied  to  the  OD  of  3-inch  (25.4  mm) 
schedule  40  pipe.  The  coated  areas  had  been  inserted  into  sections  of  clear  vinyl  tubing 
and  clamped  in  place  to  form  a  “piping  system”  handling  natural  seawater.  A  series  of 
tests  was  subsequently  performed  to  assess  if  epoxy  paint,  without  the  overlaying  vinyl 
tubing  would  promote  crevice  corrosion.  As  described  below,  several  test  variables 
were  considered. 

Procedure 

Type  3 16L  (UNS  S3 1603)  was  selected  as  the  crevice-corrosion-susceptible 
control  material.  A  total  of  twenty-four  12-inch  (305  mm)  long  sections  of  2-inch 
schedule  40  pipe  were  prepared.  Twelve  of  the  specimens  were  blasted  with  clean,  80- 
mesh  aluminum  oxide  to  prepare  the  surface  for  coating  application.  The  other  12  were 
left  in  the  as-produced  mill  finish.  Subsequently,  the  outside  diameter  (OD)  of  the  pipe 
specimens  was  partially  coated  with  epoxy  paint,  leaving  either  20%  or  80%  of  OD 
surface  uncoated.  The  bare  inside  diameter  (ID)  surfaces  were  included  in  determining 
the  cathode  to  crevice  area  ratios.  The  interface  between  the  epoxy  and  the  bare  metal 
section  was  considered  to  be  the  crevice  mouth.  An  equal  number  of  pipes  were  coated 
with  two  different  epoxy  paint  systems.  One  system  comprised  a  dual-layer  coating  of 
conventionally  sprayed  epoxy  (gray  over  red)  identical  to  that  used  in  another  study 
(Coating  I)  [8],  The  total  dry  film  thickness  was  about  10  mils  (250  pm).  The  second 
system  comprised  a  one-coat  brush  applied  (~20  mils  or  500  pm)  layer  of  a  two-part 
epoxy  paint  of  the  type  used  in  the  earlier  testing  of  the  alloy  N06625  pipe  (Coating  11). 
Both  coating  systems  were  produced  by  the  same  company.  Specimens  were  tested  in 
triplicate.-  A  typical  pre-test  view  of  the  coated  pipes  is  shown  in  Figure  1 .  The 
specimens  were  exposed  to  warm,  filtered  seawater  for  six  months  in  the  same  large  test 
tank  containing  a  number  of  other  coated  specimens  reported  in  reference  [8], 

Results  and  Observations 

While  the  depth  of  the  seawater  test  tank  precluded  a  thorough  in-situ  inspection 
of  all  specimens,  it  was  apparent  from  the  easily  visible  specimens  that  crevice  corrosion 
had  initiated  on  some  within  a  few  days.  Post-test  inspection  revealed  that  1 8  specimens 
had  incurred  extensive  crevice  corrosion  at  the  primary  site,  i.e.,  where  the  paint  created 
an  interface  with  the  bare  OD,  and  also  at  the  edge  of  the  paint  at  the  other  end.  For  the 
remaining  six  specimens,  the  attack  was  confined  at  the  latter  sites.  In  one  case,  the 
attack  too  close  to  the  pipe  end  precluded  accurate  measurements. 

Figure  2  provides  a  representative  view  of  the  specimens  after  cleaning.  The 
poor  paint  adhesion  on  the  mill  surface  may  have  influenced  the  crevice  corrosion 
process  for  some  specimens.  The  paint  was  much  more  adherent  to  the  grit  blasted 
surfaces.  For  these,  coating  disbondment  was  observed  only  at  areas  affected  by  crevice 
corrosion. 
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Figure  1  -  Pre-test  view  of  coated  S3 1603 
pipe.  Shown  (left)  as-produced  and  (right) 
grit  blasted  pipe  specimens  with  80%  of 
OD  surfaces  coated  with  spray  applied 
epoxy. 


Figure  2  -  Examples  of  crevice  corrosion 
which  developed  on  partially  coated  S3 160 3 
pipe  exposed  to  warm  seawater  for  6  months. 
Shown  triplicates  of  grit  blasted  pipe 
specimens  with  brush-applied  epoxy  paint  on 
20%  of  OD  surface. 


In  addition  to  visual  appearance,  the  quantitative  extent  of  lateral  and  maximum 
depth  of  attack  are  commonly  used  to  characterize  crevice  corrosion  resistance. 
Differences  in  initiation  times,  as  well  as  other  factors,  can  influence  crevice  corrosion 
propagation  results.  Table  3  gives  the  maximum  depth  of  penetration  results  for  23 
specimens.  It  is  evident  that  values  ranged  from  0.53  mm  to  3.85  mm.  The  minimum 
and  maximum  values  were  measured  for  two  specimens  of  the  triplicate  specimens 
sprayed  with  two  coats  of  epoxy  on  20  percent  of  the  original  mill  surface.  The  third 
specimen  was  resistant  to  attack  at  the  primary  crevice  site,  but  did  crevice  corrode  at 
the  painted  end.  The  result  in  Table  3  also  illustrate  that  there  was  greater  variability  in 
the  specimen-to-specimen  maximum  depths  of  attack  for  those  specimens  with  either 
coating  system  applied  to  20  percent  of  the  pipe  OD  surface.  Conversely,  those  with  the 
smallest  cathodic  surfaces,  i.e.,  80  percent  paint  covered,  exhibited  the  least  variability. 
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Table  4  gives  average  and  standard  deviation  data  for  all  23  specimens,  and  for 
sub-sets  of  1 1  or  12  specimens  grouped  according  to  surface  preparation,  paint 
application  and  area  coverage.  The  overall  average  and  standard  deviation  values  were 
1.73  mm  and  0.88  mm,  respectively.  While  the  differences  in  the  average  value  is 
greatest  for  the  grit  blasted  versus  mill-finish  surfaces,  the  greatest  difference  in  standard 
deviation  is  observed  for  the  two  coating  types.  Considering  that  the  maximum  depths 
of  attack  (Table  3)  differed  by  an  order  of  magnitude,  the  average  values  shown  in  Table 
4  indicate  a  fair  degree  of  reproducibility.  Somewhat  surprisingly,  the  set  with  the  brush 
applied  coating  exhibited  the  lowest  standard  deviation  value,  while  that  with  the  spray 
applied  coating  exhibited  the  greatest.  Again,  the  latter  data  were  influenced  by  the 
“rogue”  behavior  of  some  specimens  with  80  percent  of  the  bare  mill-produced  surface 
exposed  to  seawater.  ' 


Table  3  -  Maximum  Depth  of  Penetration  Incurred  by  Partially  Coated  UNS  S3 1603 
Stainless  Steel  Pipe  Specimens  in  Six-Month  Filtered  Seawater  Test  at  30°C 


Maximum  Depth  (mm) 

20%  Paint  Coverage* 

80%  Paint  Coverage* 

Coating 

System 

Pipe 

No. 

Grit 

Blasted 

Pipe 

No. 

Mill 

Finish 

Pipe 

No. 

Grit 

Blasted 

Pipe 

No. 

Mill 

Finish 

Coating  I 

1 

1.05 

1 

** 

1 

1.27 

1 

2.85’ 

(Sprayed) 

2 

0.95 

2 

0.53 

2 

0.57 

2 

2.75’ 

3 

2.45 

3 

3.85 

3 

0.82 

3 

2.35’ 

Coating  11 

1 

1.68 

1 

1.35 

1 

2.30 

1 

1.51’ 

(Brushed) 

2 

2.42 

2 

2.40 

2 

2.15 

2 

1.45’ 

3 

2.05 

3 

1.76 

3 

1.82 

3 

1.13’ 

*  Based  on  OD  surface  area 

**  Attacked  but  not  measurable 

^  Denotes  deepest  attack  at  primary  interface  site 

Table  4  -  Summary  of  UNS  S3 1603  Pipe  Specimen  Test  Results 

Total  Conditions 
Considered 

Total  Number 
of  Specimens 

Maximum  Depth  of  Attack  (mm) 
Average  Standard 

Value  Deviation 

All 

23 

1.73 

0.88 

Coating  I 

11 

1.77 

1.12 

Coating  11 

12 

1.84 

0.43 

Grit  Blasted 

12 

1.63 

0.67 

Mill  Finish 

11 

1.99 

0.95 

20%  OD  Coverage 

11 

1.86 

0.92 

80%  OD  Coverage 

12 

1.75 

0.74 

wiaiaiiiim 


Figure  3  -  Pre-test  view  of  partially  which  developed  under  coating  on  sheet 

coated  stainless  steel  sheet  specimens  specimens.  Shown  N08367  with  20%  of 

(same  coating  system  as  in  Figure  I).  original  mill  surface  coated 


Series  2  —  Flat  Plate  Tests 

Results  of  a  much  larger  test  program  comprising  1 80  fully  and  partially  coated 
flat  stainless  steel  specimens  have  been  reported  elsewhere  [8],  Again,  those  tests 
comprised  the  three  alloys  (S3 1603,  S20910  and  N08367)  listed  in  Table  1,  and  three 
types  of  coatings  (epoxy-barrier  paint,  ablative  copper  and  elastomeric);  the  latter  two 
are  antifouling  coatings.  In  each  case,  the  flat  panels  were  coated  with  two  layers  of 
spray  applied  epoxy  (gray  over  red).  Other  test  variables  included  weldments,  surface 
condition,  coating  defects  and  the  effects  of  sacrificial  protection  with  zinc  anodes. 
Because  of  the  relationship  between  the  previously  described  pipe  test,  and  other  tests 
described  later  in  this  paper,  only  the  results  for  the  referenced  tests  comprising  panels 
partially  coated  with  two  layers  of  sprayed-applied  epoxy  are  reviewed  in  detail. 

Figure  3  shows  the  typical  pre-test  appearance  of  the  4-inch  x  12-inch  (100  x  300 
mm)  test  panels  with  20%  and  80%  paint  coverage,  or  conversely  80%  and  20%  bare 
metal,  respectively.  As  reported  previously,  one  surface  of  each  panel  was  grit  blasted 
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with  80-mesh  aluminum  oxide  while  the  other  was  left  in  its  mill  finish  condition.  For 
S3 1603  and  S20910,  the  mill  finish  was  a  standard  2B.  In  the  case  of  N08307,  the  mill 
finish  was  much  coarser  and  approached  the  surface  roughness  achieved  by  the  grit 
blasting.  Triplicate  specimens  were  exposed  for  each  alloy-paint  coverage  combination. 
Testing  was  perfonned  concurrently  with  the  previously  described  pipe  test  specimens  in 
30°C  seawater  for  six  months. 

Results  and  Observations 

Tables  5  and  6  summarize  the  results  fi'om  the  referenced  testing  of  stainless  steel 
panels  with  20%  and  80%  epoxy  barrier  paint  coverage.  In  Table  5,  material 
performance  is  compared  in  terms  of  crevice  corrosion  initiation  and  lateral  propagation 
(affected  area).  For  each  stainless  steel  tested,  the  data  base  comprises  a  total  of  12 
crevice  sites,  i.e.,  two  per  specimen.  That  data  shows  that  all  available  sites  on  the  two 
lower  molybdenum-containing  alloys,  S3 1603  and  S20910,  were  attacked.  In  contrast, 
only  50  percent  of  the  primary  interface  sites  on  the  “6Mo”  alloy  (N08367)  panels  were 
attacked.  Figure  4  shows  the  post-test  condition  of  N08367  panels  tested  with  20% 
paint  coverage.  No  significant  difference  in  the  affected  areas  was  observed  between 
S3 1603  and  S20910.  Both  alloys  consistently  exhibited  larger  affected  areas  at  sites 
associated  with  grit  blasted  surfaces  versus  those  with  the  original  2B  finish.  This  was 
most  apparent  for  those  panels  with  the  least  cathodic  surface  area,  i.e.,  80%  paint 
coverage.  In  addition  to  enhanced  resistance  to  initiation,  N08367  exhibited  greater 
resistance  to  lateral  propagation,  particularly  when  the  cathode  surface  area  was 
relatively  small  (i.e.,  20%  of  total). 

Table  5  -  Crevice  Corrosion  Resistance  of  Three  Stainless  Steels  Partially  Coated 

with  an  Epoxy  Type  Barrier  Paint  and  Exposed  to  Warm  Seawater  for  Six  Months 


Material 

Affected  Crevice  Area  (cm“) 

20%  Paint  Coverage 

80%  Paint  Coverage 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

S3 1603 

04 

36.0 

33.5 

04 

29.5 

5.8 

05 

35.0 

29.5 

05 

26.8 

15.0 

06 

53.5 

52.5 

06 

26.0 

2.8 

avg. 

41.5 

38.5 

avg. 

27.4 

7.8 

S20910 

04 

22.5 

37.5 

04 

20.5 

15.5 

05 

54.5 

20.0 

05 

38.0 

4.5 

06 

45.0 

37.5 

06 

25.5 

19.5 

avg. 

40.7 

31.9 

avg. 

28.0 

13.2 

N08367 

04 

6.8 

52.0 

04 

0.0 

0.0 

05 

15.0 

0.0 

05 

0.0 

0.0 

06 

1.0 

25.3 

06 

0.6 

0.0 

avg. 

7.6 

27.2’ 

avg. 

0.6 

0.00 

‘  Average  of  #04  and  #06 
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Table  6  provides  additional  propagation  results  comparing  the  maximum  depths 
of  penetration.  Because  of  the  possible  influence  of  edge  effects,  penetrations  within 
1/2-inch  (13  mm)  of  the  edges  are  not  included.  As  indicated  by  (E),  through-plate 
penetrations  were  found  within  this  zone  on  two  of  the  S3 1603  specimens.  Considerable 
variations  in  the  maximum  depth  values  for  some  sets  of  specimens  are  apparent.  The 
reduction  in  the  affected  area  and  maximum  depth  of  attack  for  S3 1603  and  S20910 
specimens  with  80%  paint  coverage  in  the  2B  surface  is  likely  attributed  to  the 
combination  of  smaller  cathodic  surface  area  and  poor  adhesion  of  the  coating. 
Independent  of  surface  preparation  and  epoxy  paint  coverage  factors,  S3 1600  exhibited 
the  greatest  average  depth  of  attack  (0.92  mm)  and  the  most  variability  (std.  dev.  0.82 
mm)  among  the  three  alloys  tested.  Both  S20910  and  N08367  were  nominally  40  to  50 
percent  lower  in  this  regard. 


Table  6  -  Maximum  Depth  of  Crevice  Corrosion  Incurred  by  Three  Stainless  Steels 
Partially  Coated  with  an  Epoxy  Type  Barrier  Paint 
and  Exposed  to  Warm  Seawater  for  Six  Months 


_ Maximum  Depth  (mm) _ 

20%  Paint  Coverage _ 80%  Paint  Coverage 


Material 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

Panel 

Code 

Grit  Blasted 
Surface 

Mill 

Surface 

S3 1603 

04 

1.58  (E) 

1.71 

04 

0.43 

0.10 

05 

1.72  (E) 

0.30 

05 

1.83 

0.01 

06 

1.61 

0.53 

06 

2.13 

0.02 

avg. 

1.64 

0.85 

avg. 

1.46 

0.04 

S20910 

04 

0.15 

1.05 

04 

1.07 

0.26 

05 

1.15 

0.50 

05 

0.59 

0.00* 

06 

0.24 

0.73 

06 

0.16 

0.13 

avg. 

0.51 

0.76 

avg. 

0.61 

0.20 

N08367 

04 

0.05 

0.96 

04 

0.00 

0.00 

05 

0.93 

0.00 

05 

0.00 

0.00 

06 

0.00* 

0.75 

06 

0.20 

0.00 

avg. 

0.49 

0.86 

avg. 

0.20 

0.00 

*  Measurable  attack  within  1/2 -inch  (13  mm)  of  panel  edge 


The  above  testing  clearly  demonstrate  the  susceptibility  of  a  range  of  stainless 
steel  compositions  to  crevice  corrosion  when  partially  coated  and  exposed  to  natural 
seawater.  The  reference  document  [8]  has  shown  that  the  same  materials  were  fully 
resistant  if  they  were  coated  in  total,  and  exposed  without  defects.  Specimens  exposed 
with  intentional  and  inadvertent  defects,  but  protected  with  zinc  anodes  were  also  fully 
resistant  in  a  one-year  test.  However,  the  degree  of  cathodic  protection  imposed  caused 
paint  blisters  to  form  and  promoted  coating  disbondment,  particularly  on  2B  mill 
surfaces. 
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Series  3  —  Cruciform  Specimens 

Procedure 

The  effects  of  coating  on  the  crevice  corrosion  resistance  of  N08367  and  S20910 
were  also  investigated  in  a  third  series  of  seawater  tests.  In  this  case,  35  specimens  of 
each  material  were  exposed.  Testing  was  performed  on  cruciform  shaped  welded 
specimens  as  depicted  in  Figure  5.  The  nominal  cross  arm  dimensions  were  4”  x  4”  x 
1/2”  (100  mm  x  100  mm  x  12,7  mm)  and  4”  x  8”x  1/2”  (100  mm  x  200  mm  x  12.7  mm). 
While  the  S20910  cruciforms  were  welded  with  like  metal  filler;  alloy  N06625  filler  was 
used  to  weld  the  N08367  cruciforms.  The  specimens  had  been  prepared  for  a  mechanical 
test,  but  were  utilized  as  a  convenient  “multi-crevice”  type  specimen  to  incorporate  the 
effects  of  crevice  corrosion. 


Figure  5  -  Pre-test  view  of  partially  coated  welded 
cruciform  specimen  with  multiple  crevice  sites. 


Prior  to  coating,  all  surfaces  were  blasted  with  clean,  80-mesh  aluminum  oxide. 
The  coating  was  the  same  as  the  first  coat  in  the  previous  pipe  and  panel  tests,  but  brush 
applied  as  a  single  coat.  For  this  series,  it  was  the  intent  to  provide  a  large  boldly 
exposed  surface  area  of  stainless  steel.  Accordingly,  only  the  weldment  and  a  small 
overlap  area  on  the  base  metal  shown  in  Figure  5  was  coated.  As  discussed  later,  the 
overlap  area  on  the  N08367  specimens  was  intentionally  varied.  When  completed,  each 
specimen  had  two  potential  crevice  sites  in  each  quadrant  of  the  cruciform,  or  eight  all 
together.  The  full  complement  of  35  specimens,  therefore,  had  a  total  of  280  crevice 
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sites  per  alloy.  As  discussed  later,  a  number  of  N08367  specimens  were  reblasted, 
recoated  and  re-exposed,  thus  providing  even  more  data.  The  short  length  crevices 
produced  on  the  edges  of  the  specimens  were  not  included  in  the  subsequent  evaluation. 
It  is  noted,  however,  that  some  attack  did  occur  at  these  sites. 

UNS  S20910  Testing  and  Results 

All  35  of  S20910  cruciform  specimens  were  prepared  with  the  epoxy  coating 
covering  the  weldment  and  1/16  -  1/8  inch  (~1.6  mm  -  3.2  mm)  of  the  base  metal  from 
the  weld  toe.  The  specimens  were  divided  for  exposure  in  two  shallow  seawater  test 
troughs  approximately  10  inches  (250  mm)  deep.  These  exposure  conditions  provided 
an  opportunity  for  in-situ  inspection  of  the  upward-facing  surface  crevice  sites.  Within 
three  days,  attack  was  detected  at  3 1  visible  sites  on  25  of  the  specimens.  By  day  seven, 
attack  was  detected  at  50  visible  sites  on  30  of  the  specimens.  Five  affected  specimens 
were  removed  for  evaluation  after  10  days,  12  more  after  30  days  and  another  6  after  45 
days.  The  remaining  12  were  tested  for  a  full  60  days.  At  each  interim  removal,  there 
was  a  conscious  attempt  to  select  specimens  exhibiting  varying  degrees  of  propagation. 
Test  duration  notwithstanding,  all  35  specimens  crevice  corroded  within  60  days. 
Moreover,  76  percent  of  the  primary  interface  sites  were  affected.  Table  7  includes  a 
summary  of  the  incidence  of  attack.  Had  all  35  specimens  been  exposed  for  the  full  60 
days,  the  total  number  of  affected  sites  may  have  been  greater.  It  is  perhaps  a  more 
significant  observation  to  note  the  substantial  number  of  sites  which  did  initiate  in  the 
relatively  brief  exposure  time. 

Figure  6  shows  a  representative  view  of  an  attacked  S20910  cruciform  specimen 
after  only  10  days’  exposure.  Subsequent  propagation  beneath  the  coating  affected  the 
base-metal  heat  affected  zone,  and,  in  most  cases,  a  significant  portion  of  the  weld  metal. 
Albeit  varying  in  length,  the  attack  was  continuous  along  the  interface  on  most  surfaces. 
In  a  few  cases,  however,  two  or  three  discrete  sites  of  initiation  had  propagated.  As 
shown  in  Table  7,  the  average  length  of  the  attacked  sites  increased  somewhat  with  test 
duration. 


Table  7  -  Summary  of  Results  for  UNS  S20910  Welded  Cruciform  Specimens 


Average 

Maximum  Depth  of  Attack  (mm)* 

Number 

Percent 

Length  of 

Percent 

Test 

of 

of 

Attacked 

of  All 

Duration 

Specimens 

Sites 

Sites 

Overall 

Average 

Std. 

Sites 

(days) 

Exposed 

Attacked 

(mm) 

Range 

Value 

Dev. 

SO.  50  mm 

10 

5 

58 

32 

0.48  to  1.61 

0.90 

0.27 

96 

30 

12 

77 

44 

0.09  to  1.65 

0.84 

0.34 

85 

45 

6 

85 

42 

0.17  to  1.84 

0.73 

0.37 

78 

60 

12 

77 

48 

<0.01  to  2.21 

0.76 

0.41 

78 

*  Base  metal-heat  affected  zone  measurements 
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Figure  6  -  Example  of  crevice  corrosion  affecting  welded 
S20910  cruciform  specimen  after  only  10  days  exposure  to  warm  seawater. 


Table  7  also  provides  depth  of  penetration  data  for  the  S20910  cruciform 
specimens.  Because  of  the  geometry  of  the  specimens,  accurate  measurements  were 
limited  to  the  base  metal-heat  affected  zone  regions  within  the  crevice  site.  Again,  there 
were  considerable  site-to-site  differences  in  the  maximum  depths  of  attack  incurred. 
Those  specimens  exposed  for  60  days  exhibited  the  broadest  range  of  attack  values  (std. 
dev.  0.41  mm).  Conversely,  those  exposed  for  only  10  days  exhibited  the  least  degree  of 
variability  (std.  dev.  0.27  mm).  It  is  observed  from  Table  7  that  the  absolute  values  for 
maximum  depth  increase  (exponentially)  with  time.  On  the  other  hand,  the  average  value 
of  the  maximum  depth  determinations,  and  the  percent  of  all  sites  with  attack  depths 
>0.50  mm  decreased  with  time. 

NOS 3 67  Testing  and  Results 

A  total  of  27  welded  N08367  cruciform  specimens  were  prepared  and  exposed  in 
the  same  manner  described  above  for  S20910.  In  contrast  to  the  behavior  described  for 
S20910,  only  two  specimens  (two  sites)  exhibited  attack  within  the  first  three  days  of 
exposure.  After  seven  days,  only  one  site  on  each  of  five  N08367  specimens  was  found 
to  be  corroding.  By  the  end  of  30  days,  the  total  had  increased  to  nine  specimens  with 
one  affected  site  each.  These  were  allowed  to  continue  in  test  for  another  30  days  (total 
60  days),  while  the  1 8  resistant  ones  were  removed  for  subsequent  re-exposure. 

At  the  conclusion  of  the  60-day  test,  a  total  of  20  affected  sites  were  found  on 
the  nine  specimens.  This  constitutes  28  percent  of  the  72  potential  sites  for  initiation. 

The  average  length  of  the  attack  across  the  width  of  the  specimen  was  54  mm;  slightly 
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more  than  that  found  at  the  S20910  sites.  In  each  case,  the  alloy  N06625  weldment  was 
also  attacked.  While  not  quantified  by  depth  measurement,  the  weld  attack  shown,  for 
example,  in  Figure  7  was  significant.  For  the  above  nine  specimens,  base  metal-heat 
affected  zone  depth  of  attack  near  the  weld  toe  ranged  from  0. 12  mm  to  2.77  mm 
(max.).  Eighty  percent  of  the  sites  measured  >0.50  mm.  The  average  maximum  value 
and  standard  deviation  value  for  the  preceding  were  1.37  mm  and  0.82  mm,  respectively. 


Figure  7  -  Example  of  crevice  corrosion  affecting  weld  metal  (N06625)  used 
for  joining  N08267  cruciform  specimen  and  exposed  to  warm  seawater  for  60  days. 


The  previously  mentioned  1 8  resistant  specimens  were  reblasted  and  re-coated; 
this  time  with  a  paint  overlap  of  1/8-inch  to  3/16-inch  (3.2  mm  -  4.8  mm)  from  the  weld 
toe.  In-situ  inspection  revealed  attack  at  one  site  after  19  days.  With  the  one  exception, 
no  other  evidence  of  attack  was  found  during  or  after  the  course  of  a  54-day  exposure  to 
warm  seawater.  The  length  and  maximum  depth  of  attack  at  the  sole  affected  site  was 
40  mm  and  1.55  mm,  respectively;  not  far  from  the  average  values  for  the  nine  sites 
attacked  in  the  preceding  test. 


a 
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Eight  other  N08367  cruciform  specimens  were  also  tested  for  periods  ranging 
from  30  to  52  days.  Four  each  were  coated  with  1/4-inch  (~6.4  mm)  to  1/2-inch  (~12.7 
mm)  overlaps  from  the  weld  toe.  Some  attack  was  again  observed  within  the  first  three 
days  of  exposure.  Notwithstanding  the  differences  in  coating  overlap  and  exposure  time, 
52  percent  of  the  64  crevice  sites  on  these  eight  specimens  initiated.  The  overall 
penetration  range  was  0.07  mm  to  1.73  mm.  The  absolute  maximum  was  associated 
with  a  specimen  prepared  with  1/2-inch  overlaps  and  exposed  for  30  days.  The  average 
and  standard  deviation  values  for  the  33  affected  sites  were  0.60  mm  and  0.41  mm, 
respectively. 

Summary  and  Conclusions 

The  propensity  for  stainless  steels  to  suffer  crevice  corrosion  in  warm  seawater 
has  been  reviewed.  Particular  attention  has  been  given  to  crevice  conditions  associated 
with  epoxy  type  coatings  applied  to  different  grades  of  stainless  steel  in  several  product 
forms.  Based  on  the  testing  and  evaluation  of  124  test  specimens  with  a  combined  total 
of  752  crevice  sites,  a  number  of  conclusions  can  be  drawn.  These  are  expressed  below 
as  they  relate  to  crevice  corrosion  testing  and  to  the  performance  of  stainless  steels  in 
warm  seawater. 

•  Epoxy  coating  can  be  used  as  a  crevice  former  for  the  purpose  of  testing  the 
crevice  corrosion  resistance  of  different  grades  of  stainless  steel.  While  both  coat- 
systems  utilized  were  produced  by  the  same  manufacturer,  there  is  no  reason  to 
to  suspect  that  similar  coatings  produced  by  manufacturers  would  affect  stainless 
steel  any  differently. 

•  This  type  of  crevice  former  can  be  applied  to  flat  as  well  as  curved  and  irregular 
surfaces  and  requires  no  fixturing  or  some  standard  torquing. 

•  Epoxy  coatings  are  suitable  for  testing  the  crevice  corrosion  resistance  of  as- 
deposited  weldments,  mill-produced  and  surface  treated  material. 

•  Consideration  for  including  epoxy  coating  as  another  type  of  crevice  former  in 
ASTM  G-78  is  recommended. 

•  The  effects  of  cathodic  surface  area  can  be  investigated  by  varying  the  amount  of 
coverage  by  the  coating. 

•  Unlike  some  other  types  of  crevice-forming  devices  having  fixed  dimensions,  the 
true  depth  of  a  crevice  formed  by  a  coating  is  not  readily  apparent.  Moreover,  as 
crevice  corrosion  propagates,  the  crevice  gap  may  change,  for  example,  due  to 
coating  disbondment. 

•  Epoxy  coating  is  suitable  for  long-term  exposure  to  seawater  within  the  normal 
ambient  temperature  range.  Present  research  has  not  evaluated  its  performance 
above  30°C. 

•  It  has  been  demonstrated  that  austenitic  stainless  steels  such  as  S3 1603  and  the 
manganese-containing  grade  S20910  are  highly  susceptible  to  crevice  corrosion 
when  partially  coated  with  epoxy. 

•  While  the  “26Cr-6Mo”  grade  tested  (N08367)  was  also  found  to  be  susceptible,  its 
overall  resistance  to  crevice  corrosion  initiation  was  substantially  greater. 

However,  once  initiated,  significant  propagation  occurred  even  for  this  alloy. 
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•  As  might  be  expected,  the  N08367  was  more  sensitive  to  area  ratio  effects  than  the 
more  susceptible  grades.  Test  results  for  N08367  appear  to  complement  field 
experience  with  a  related  alloy,  for  example,  when  inadvertently  oversprayed  with 
epoxy. 

•  Related  work  reported  elsewhere  [8]  demonstrated  the  resistance  of  fully  coated 
stainless  steel,  while  at  the  same  time  noting  that  small  defects  in  the  coating  pro¬ 
vided  sites  for  initiation.  Overall,  crevice  corrosion  susceptibility  and  the  extent  of 
of  attack  increased  with  increased  bare  metal  (i.e.,  cathodic)  surface. 

•  If  coatings  are  to  be  used  on  large  stainless  steel  structures,  e.g.,  ship  hulls, 
exposure  of  bare  metal  due  to  coating  damage  could  result  in  attack  at  the 
interface  between  the  coating  and  any  exposed  metal. 

•  Related  testing  has  demonstrated  that  crevice  corrosion  can  be  prevented  by  the 
use  of  cathodic  protection.  It  has  been  reported  elsewhere  [8]  that  the  potential 
associated  Avith  the  use  of  sacrificial  zinc  anodes  can  cause  blistering  and,  in  some 
cases,  coating  disbondment. 

•  Attack  of  alloy  625  (N06625)  weldments  associated  with  N08367  cruciform 
specimens  confirmed  that  these  alloys  are  susceptible  to  attack  beneath  epoxy 
coatings.  Moreover,  it  has  been  demonstrated  that  the  coating  need  not  be  “held” 
in  place,  e.g.,  by  a  vinyl  sleeve  or  other  mechanism,  in  order  for  crevice  corrosion 
to  initiate. 
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APPENDIX  3 


This  atlas  contains  color  reproductions  of  photographs  which  are  intended  to  familiarize 
the  reader  with  the  preparation  and  ultimate  seawater  exposure  of  204  coated  and  non-coated  test 
specimens,  and  their  crevice  corrosion  behavior.  A  general  guide  identifying  17  related  groups  of 
photographs  is  provided.  This  is  supplemented  with  an  index  listing  the  subject  matter  for  each  of 
the  122  views  contained  in  41  figure  pages.  The  index  also  provides  photo-negative  file 
information.  Finally,  each  photograph  is  accompanied  by  a  brief  caption. 


GUroE  TO  PHOTOGRAPHS  DOCUMENTING 
PREPARATION  AND  TESTING  OF 
COATED  STAINLESS  STEEL  TEST  PANELS  AND  PIPES 

Figures  1.1  to  4.3  characterize  the  shape  and  surface  condition  of  the  test  specimens. 

Figures  5.1  to  9.3  characterize  the  coating  applied  and  show  examples  of  intentional  and 
other  coating  defects. 

Figures  10. 1  to  1 1.2  show  the  technique  for  attaching  zinc  anodes. 

Figures  11.3  to  14.3  provide  representative  pretest  views  of  uncoated  and  coated  test 
panels  mounted  on  racks  for  a  1-year  exposure  to  natural  seawater. 

Figure  15.1  shows  the  test  location. 

Figure  15.2  to  18.3  show  the  extent  of  fouling  incurred  after  6  months  and  12  months 
exposure  from  the  test  float. 

Figures  19.1  to  19.3  show  examples  of  coating  disbondment  and  blistering  found  on  the 
zinc  anode  protected  specimens  after  1  year. 

Figures  20.1  to  22.3  provide  examples  of  corrosion  affecting  the  various  materials  at 
coating  defect  sites. 

Figures  23.1  and  23.2  document  attack  found  on  uncoated  Type  316L  welded  test  panels. 

Figures  24.1  to  24.3  provide  pre-test  views  of  partially  coated  specimens  intended  for  6 
months  exposure  to  filtered  seawater  at  30°C. 


Figures  25.1  to  25.3  provide  examples  of  the  condition  of  the  specimens  following  6 
months  exposure  in  the  test  tank. 

Figures  26.1  to  29.3  show  the  partially  cleaned  appearance  of  test  panels  with  the  epoxy 
barrier  paint  system. 

Figures  30.1  to  33.3  show  similar  views  of  test  panels  with  the  ablative-Cu  antifouling 
coating. 

Figures  34.1  to  37.1  show  similar  views  of  test  panels  with  the  low  surface  energy 
elastomeric  coating. 

Figures  38.1  to  39.2  provide  pretest  views  of  the  partially  coated  Type  316L  pipe 
specimens. 

Figures  39.3  to  40.3  show  representative  views  of  the  partially  coated  pipes  after  removal, 
and  with  some  cleaning. 

Figures  41.1  to  41.3  show  typical  after  cleaning  views  of  the  Type  316L  pipes  which  had 
been  partially  coated  and  exposed  to  filtered  seawater  for  6  months. 
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elastomeric  coated  S20910  test  panel  (grit  blasted  surface) 


Same  as  above  -  at  scribed  site  on 

_ ablative-Cu  coated  S3 160  test  panel _ 

Same  as  Fig,  21.2  after  removal  of  loosened  paint  layers 


Only  confirmed  case  of  attack  found  at  scribed  sites  on  coated 
N08367  test  panel  (elastomeric) 


Attack  at  scribed  site  of  ablative-Cu  coated  S20910  test  panel 


Same  as  Fig.  22.2  after  removal  of  loosened  paint  layers 


98591-lOA 


98587-20 


98587-14 


98589-3 


98607-8A 


98589-17 


20.1 

Example  of  crevice  corrosion  originating  and  edge  defect  site  on 
epoxy  coated  S3 1603  test  panel  (grit  blasted  surface) 

98734-4A 

20.2 

Example  of  crevice  corrosion  on  grit  blasted  surface  at  scribed 
area  of  epoxy  coated  S20910  test  panel 

98734-6A 

20.3 

Example  of  attack  at  edge  defect  on 
ablative-Cu  coated  S20910  test  panel 

98602- 16A 

98602-20A 


98600- lOA 


98734-2A 


98600-21 A 


98600-8A 


98734-OA 


View  of  uncoated/unprotected  welded  S3 1603  test  panel. 
(S20910  exhibited  similar  barnacle  related  attack,  but  no  weld-. 

HAZ  corrosion.) 


Magnified  view  (8X)  of  weld-HAZ  corrosion  on  another  S3 1603 

test  panel 


Blank 


View  ofFsitially  Coated  Tesl  Panels  Belbre  d-Moutb  E^cposure 
to  30'’C  Filtered  Sea-water 


98734- lOA 


98744-14 


24.1 

Typical  appearance  of  panels  with  20%  paint  coverage  (both 
sides);  bare  grit  blasted  surfaces  shown  in  this  view. 

(NOTE:  No  anodes  were  attached  on  any  panel  in  this  series.) 

97345-9 

24.2 

Typical  appearance  of  panels  with  80%  paint  coverage  (both 
sides);  bare  mill  surfaces  shown  in  this  view. 

97345-13 

24.3 

Typical  specimen  mounting  arrangement  for  seawater  tank 

exposure. 

97358-17 

Ejsaisfdes  of  As-removed  Appearance  of  FaiitaEy  Coated  Test 
Panels  After  6  Months 


_ S3 1603  with  80%  coverage  by  epoxy  system _ 

S20910  with  20%  coverage  with  ablative-Cu  system 


N08367  with  20%  coverage  with  elastomeric  system 


Post*Test  Views  of  Partially  Cleaned  Test  Panels  Showing  Extent 
of  Crevice  Corrosion  Beneath  Coatings  and  Calcareous 
Deposition  on  Cathodic  Suriices  —  Portion  of  Same  Add 
elected  to  Reveal  Specimen  identiHeation  Codes 


20%  of  Grit  Blasted  Surface  Coated  with  Epox 


26.1 

S3 1603 

26.2 

S20910 

26.3 

N08367 

20%  of  Mill  Surfaces  Coated  with  Epoxy 

27.1 

S3 1603 

27.2 

S20910 

80%  of  Grit  Blasted  Surface  Coated  with  Epoxy 
S3 1603 


S20910 


N08367 


98142-16 

98141-12A 


98140-14 


98168-9A 


98170-2A 


98172-1 


98168-12A 


98 170-7 A 


98172-6 


98168-OA 


98170-1  lA 


98172-10 


80%  of  Mill  Surface  Coated  with  Evo\ 


29.1 

S3 1603 

98168-4A 

29.2 

S20910 

98170-14A 

29.3 

N08367 

98172-15 

98168-16A 


98170-17A 


98172-19 


20%  of  Mill  Surface  Coated  with  Ablative-Cu  System 


S3 1603 


S20910 


N08367 


98168-20A 


98 170-20 A 


98172-24 


80%  of  Grit  Blasted  Surface  Coated  with  Ablative-Cu  System 

32.1 

S3 1603 

98169-OA 

32.2 

S20910 

98171-2A 

32.3 

N08367 

98173-lA 

80%  of  Mill  Surface  Coated  with  Ablative-Cu  System 


S3 1603  (bulk  of  paint  removed  with  a  plastic  scraper' 


S20910 

98171-4A 

N08367 

98 173 -4 A 

20%  of  Grit  Blasted  Surface  Coated  with  Elastomeric  System 


_ S3 1603 _ 98169-7A 

S20910  98171-8A 


N08367  98173-1  lA 


20%  of  Mill  Surface  Coated  with  Elastomeric  System 


S3 1603 


_ S20910 _ 

N08367 


98169-11 A 


98171-llA 


98173-15A 


80%  of  Grit  Blasted  Surface  Coated  with  Elastomeric  System 


_ S3 1603 _  98169-16A 

_ S20910 _ 98171-19A 

N08367  98173-19A 


_ ^0%  of  Mill  Surface  Coated  with  Elastomeric  System 

S3 1603 
S20910 
N08367 

Partially  Coated  Hpe  Spectsieiis  Before 

.  ^  ivfeMhs  E?siK>s»re  to  30”€  Filfereft  Sg&walfer 

20%  of  OD  coated  with  2-layer  epoxy  system 

_ (left)  mill  surface  and  (right)  grit  blasted _ 

_ Same  as  Fig,  38.1,  but  with  80%  of  QD  coated _ 

20%  of  OD  coated  with  1  -layer  of 
brush  applied  epoxy  (type  used  elsewhere) 
_ (left)  mill  surface  and  (right)  grit  blasted _ 

_ Same  as  Fig,  38,3,  but  with  80%  of  OD  coated _ 

Arrangement  for  exposure  of  partially  coated  pipe  specimens  in 

_ seawater  tank _ 

Example  of  the  condition  of  S3 1603  pipe  specimens 
_ _ after  6  months  exposure 


Post4est  Appearance  of  Partially  Cleaned  Pipe  Specitaerts 


_ _ Deposlftoa  on  QD  Cathodic^  ' 

3  pipes  with  80%  of  grit  blasted  surface  coated 

_ with  2-layer  epoxy  system _ 

3  pipes  with  20%  of  grit  blasted  surface  coated 

_ _ with  2-layer  epoxy  system _ 

3  pipes  with  80%  of  grit  blasted  surface 
_ with  brush  applied  coat  of  white  epoxy _ 


98169-20A 
98 171-23 A 
98173-24A 


97345-24 

97345-20 

97347-6 


97347-lB 

97358-23 

98144-12 


98175-4A 


98174-16A 


98174-8A 


41.1 

- ; - -  . ...T....—— o:.... . 

3  pipes  with  grit  blasted  surfaces  coated  (20%) 
with  2 -layer  system 

98190-15A 

41.2 

Same  as  Fig.  41.1,  but  with  1-coat  brush  auDlied  svstem 

98189-22 

41.3 

3  pipes  with  mill  surfaces  coated  (80%) 
with  1-coat  brush  anolied  svstem 

^  98 190-3 A 

Figure  1.1  Figure  1.2  Figure  1.3 

Mill  surface  of  S3 1 603  and  S2091 0  Mill  Surface  of  N08367  Typical  grit  blasted  surface 
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Figure  3 . 1  Figure  3 . 2  Figure  3 . 3 

X-section  of  S3 1603  mill  surface  @  X-section  of  S20910  mill  surface  @  X-section  of  N08367  mill  surface  @ 

500X  500X  500X 


Figure  4.1  Figure  4.2  Figure  4.3 

X-section  of  S3 1603  grit  blasted  X-section  of  S20910  grit  blasted  X-section  of  N08367  grit  blasted 

surface  @  500X  surface  @  500X  surface  @  500X 


Figure  5.1  S  Figure  5.2  Figure  5.3 

Appearance  of  sprayed  epoxy  Appearance  of  sprayed  ablative-Cu  Appearance  of  sprayed  elastomeric 

topcoat  topcoat  topcoat 
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A-section  or  z-iayer  epoxy  system  @  A-section  or  i -layer  aoiative-Uu  A-section  or  4-u 

lOOX  system  @100X  system  @100X 


J)  bJO 
CD 

«4H  O 

o  o 


I 


i 


T3 

a 

cd 

(D 

O  <D 

o  a 
t+^  S 
o  cu 

<u  X) 
O 


cn 

00 


c3 

o 

D. 

& 


<U 

o 


2  a  s 

ail 

fj-(  H  CO 


0) 

o 

o 


a 

o 

<D 

I 

(D 

a 

& 

•  oo 

2^  I 

Sv  ci( 

.SP 

H 


l-H 

(D 


CO 

cd 

13 


00 


o 

<D 

T3 

o 

o 


<D 


P. 

.il 

Ph  W 


cd 

O 

o 

Ph 

o 


Figure  9.1  |  Figure  9.2  Figure  9.3 

View  of  scribed  defect  in  epoxy  View  of  scribed  defect  in  ablative-Cu  View  of  scribed  defect  in  elastomeric 

coated  panel  @  8. 5X  coated  panel  @  8. 5X  coated  panel  @8. 5X 


Figure  10.1  Figure  10.2  Figure  10.3 

Site  preparation  for  Zn  anode  Dual  anodes  attached  with  Type  316  Typical  view  of  welded  and  coated 

fastener  test  panels  with  anodes 


Figure  12.1 

One  set  of  epoxy  coated  welded  and  Figure  12.2  Figure  12.3 

non-welded  panels  of  3  alloys  Same  as  Fig.  12. 1,  but  with  ablative-  Same  as  Fig.  12.1,  but  with 

mounted  for  1  year  exposure  without  Cu  coating  system  elastomeric  coating  system 


5  13.1  I  Figure  13.3  Figure  13.3 

as  Fig.  12. 1,  but  with  Zn  Same  as  Fig.  12.2,  but  with  Zn  Same  as  Fig.  12.3,  but  with  Zn 

s  anodes  anodes 


Figure  14.1  Figure  14.2  Figure  14.3 

Overall  view  of  test  rack  with  Overall  view  of  test  rack  with  coated  Same  as  Fig.  14.2,  but  with  Zn 

uncoated  controls  with  and  without  panels  for  exposure  without  CP  anodes 


Figure  16.1  Figure  16.2  Figure  16.3 

Appearance  of  ablative-Cu  coated  Close-up  view  of  resistant  scribe  site  Typical  view  of  ablative-Cu  coated 

panels  -  6  months  exposure  without  on  panel  inspected  at  6  months  panels  -  12  months  exposure  without 
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Figure  19.1  j  Figure  19.2  Figure  19.3 

Epoxy  coating  disbondment  on  mill  Representative  view  of  blisters  on  .  Evidence  of  elastomeric  coating 

surface  of  S3 1603  panel  with  CP  i  ablative-Cu  coated  panel  with  CP  disbonding 


Figure  20. 1  Figure  20.2  Figure  20.3 

Attack  at  edge  defect  site  on  epoxy  Attack  at  scribe  site  on  epoxy  coated  Attack  at  edge  defect  on  ablative-Cu 

coated  S3 1603  panel  (blasted  S20910  panel  (blasted  surface)  coated  S20910  panel 

surface) 
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Figure  22. 1  Figure  22.2  Figure  22.3 

Only  confirmed  attack  at  scribe  sites  Attack  at  scribed  site  on  ablative-Cu  Same  as  Fig.  22.2,  but  with 

on  N08367  panels  coated  S20910  panel  disbonded  coating  removed 


Figure  23.1  '  Figure  23.2  Figure  23.3 

Barnacle  site  and  weld-HAZ  attack  Close-up  view  of  weld-HAZ  attack  Blank 

on  uncoated  S3 1 603  panel  on  another  S3 1 603  panel  (8 . 5X) 


Figure  24. 1  Figure  24.2  Figure  24.3 

Panels  with  20%  of  surface  area  Panels  with  80%  of  surface  area  Exposure  arrangement  for  6-month 

coated  (grit  blasted  side  shown)  coated  (mill  surface  side  shown)  filtered  seawater  test 
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Figure  26.1  Figure  26.2  Figure  26.3 

Material  -  Surface;  S3 1603  -  blasted  Material  -  Surface;  S20910  -  blasted  Material  -  Surface;  N08367  -  blasted 

Coating  -  Area;  epoxy  -  20%  Coating  -  Area;  epoxy  -  20%  Coating  -  area;  epoxy  -  20% 


Figure  27.1  '  Figure  27.2  Figure  27.3 

Material  -  Surface:  S3 1603  -  mill  Material  -  Surface:  S20910  -  mill  Material  -  Surface:  N08367  -  mill 

Coating  -  Area:  epoxy  -  20%  Coating  -  Area:  epoxy  -  20%  Coating  -  Area:  epoxy  -  80% 


Figure  28.1  Figure  28.2  Figure  28.3 

Material  -  Surface:  S3 1603  -  blasted  Material  -  Surface:  S20910  -  blasted  Material  -  Surface:  N08367  -  blasted 

Coating  -  Area:  epoxy  -  80%  Coating  -  Area:  epoxy  -  80%  Coating  -  Area:  epoxy  -  80% 


Figure  29.1  Figure  29.2  Figure  29.3 

Material  -  Surface;  S3 1603  -  mill  Material  -  Surface;  S20910  -  mill  i  Material  -  Surface;  N083 67  -  mill 

Coating  -  Area;  epoxy  -  80%  Coating  -  Area;  epoxy  -  80%  ^ :  Coating  -  Area;  epoxy  -  80% 


Figure  30.1  Figure  30.2  Figure  30.3 

Material  -  Surface:  S3 1603  -  blasted  Material  -  Surface;  S20910  -  blasted  Material  -  Surface:  N08367  -  blasted 

Coating  -  Area:  ablative-Cu  -  20%  Coating  -  Area:  ablative-Cu  -  20%  Coating  -  Area;  ablative-Cu  -  20% 


Figure  31.1  •  Figure  31.2  il  Figure  31.3 

Material  -  Surface:  S3 1603  -  mill  |  Material  -  Surface:  S20910  -  mill  j  Material  -  Surface:  N08367  -  mill 

Coating  -  Area:  ablative-Cu  -  20%  ,  Coating  -  Area:  ablative-Cu  -  20%  i  Coating  -  Area:  ablative-Cu  -  20% 


Figure  32.1  Figure  32.2  Figure  32.3 

Material  -  Surface:  S3 1603  -  blasted  Material  -  Surface:  S20910  -  blasted  Material  -  Surface:  N08367  -  blasted 

Coating  -  Area:  ablative-Cu  -  80%  Coating  -  Area:  ablative-Cu  -  80%  Coating  -  Area:  ablative-Cu  -  80% 
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Figure  34.1  Figure  34.2  Figure  34.3 

Material  -  Surface.  S3 1603  -  blasted  Material  -  Surface;  S20910  -  blasted  Material  -  Surface:  N08367  -  blasted 

Coating  -  Area:  elastomeric  -  20%  Coating  -  Area;  elastomeric  -  20%  Coating  -  Area:  elastomeric  -  20% 


Figure  36.1  Figure  36.2  Figure  36.3 

Material  -  System:  S3 1603  -  blasted  Material  -  System:  S20910  -  blasted  Material  -  System:  N08367  -  blasted 

Coating  -  Area;  elastomeric  -  80%  Coating  -  Area:  elastomeric  -  80%  Coating  -  Area;  elastomeric  -  80% 


Figure  37.1  ;  Figure  37.2  Figure  37.3 

Material  -  System:  S3 1603  -  mill  I  Material  -  System:  S20910  -  mill  I  Material  -  System:  N08367  -  mill 

Coating  -  Area:  elastomeric  -  80%  i  Coating  -  Area:  elastomeric  -  80%  j  Coating  -  Area:  elastomeric  -  80% 


Figure  38. 1  Figure  38.2  Figure  38.3 

Mill  and  blasted  S3 1603  with  20%  Mill  and  blasted  S3 1606  with  80%  Mill  and  blasted  S3 1603  with  20% 

epoxy  (2-layer)  epoxy  (2-layer)  epoxy  (1-layer) 


Figure  39.1  Figure  39.2  ,  Figure  39.3 

Mill  and  blasted  S3 1603  with  80%  Exposure  arrangement  for  6-month  Typical  as-removed  view 

epoxy  (1 -layer)  filtered  seawater  test 


Figure  40. 1  Figure  40.2  Figure  40.3 

3  grit  blasted  pipes  with  80%  epoxy  3  grit  blasted  pipes  with  20%  epoxy  3  grit  blasted  pipes  with  80%  epoxy 

(2-layer)  (2-layer)  (1 -layer) 


Figure  41.1  Figure  41.2  Figure  41.3 

3  grit  blasted  pipes  with  20%  epoxy  3  grit  blasted  pipes  with  20%  epoxy  3  mill  pipes  with  80%  epoxy  (1- 

(2-coat),  after  cleaning  I  (1-coat),  after  cleaning  coat),  after  cleaning 


APPENDIX  4 


Test  Materials 


Chemical  Composition  and  Properties 


MATERIAL  TEST  REPORT  DATE  ;  Qlliel91 

PAGE  :  1 

Metal  Samples  Company  ORDER:  20391 

P.O.  Box  8 

152  Metal  Samples  Road 
Munford,  AL  36268 

Ph.  (205)358-4202  Fx.  (205)358-4515 


Customer:  01318  LAQUE  CENTER  /  CORROSION  TECHNOLOGY 

Your  PO#:  9182 


Lot  No.  L708  Mill:  J&L  SPECIALTY  Our  Order  Line  No.  1 

Description:  316L  .125"  X  48"X  120" (4  PCS) 

Notes:  FILLER  316L  #L717 


Chemical  Properties: 

C:0.010  Co:0.140 

Fe: BALANCE  Mn: 1.790 

Ni:10.170  P:0.030 

Physical  Properties: 

Tensile-PSI:81,900 
Hardness :RB  80 


Cr:16.490 
Mo: 2. 060 
S:0.013 


Cu:0.290 
N:0.034 
Si :0 .380 


Yield-PSI :44, 000 


Lot  No.  L708  Mill:  J&L  SPECIALTY  Our  Order  Line  No.  ,  4 

Description:  316L  .125"  X  48"X  120"  (4  PCS) 

Notes:  FILLER  316L  #L717 


Chemical  Properties: 

C:0.010  Co:0.140 

Fe: BALANCE  Mn: 1.790 

Ni:10.170  P:0.030 

Physical  Properties: 

Tensile-PSI : 81,900 
Hardness :RB  80 


Cr : 16 .490 
Mo:2 . 060 
S: 0.013 


Cu:0.290 

N:0.034 

Si:0.380 


Yield-PSI :44, 000 


Lot  No.  M3 8 3  Mill:  ALLEGHENY  LUDLUM  Our  Order  Line  No.  2 

Description:  AL6X+N.125"  X  22"  X  147" (2) 

Notes:  FILLER  1625  #H858 

Chemical  Properties: 

C: 0.017  Cr: 2 0.450  Cu: 0.210  •  Fe: BALANCE 

Mn:0.350  Mo:6.220  N:0.210  Ni:23.900 

P:0.021  S:0.0004  Si:0.390 

Physical  Properties: 

Tensile-PSI : 106, 000 


Elong-% : 48 . 0 


MATERIAL  TEST  REPORT  •  DATE  :  07/16/97 

PAGE  :  2  . 

Metal  Samples  Company  ORDER:  20391 

P . 0 .  Box  8 

152  Metal  Samples  Road 
Munford,  AL  36268 

Ph.  (205)358-4202  Fx.  (205)358-4515 


Customer:  01318  LAQUE  CENTER  /  CORROSION  TECHNOLOGY 

Your  PO#:  9182 


Lot  No.  M383  (Continued...) 

Yield-PSI :50, 500  Condition :ANLD 

Hardness :RB  87 


Lot  No.  M3 8 3  Mill:  ALLEGHENY  LUDLUM 

Description:  AL6X+N.125"  X  22"  X  147" (2) 
Notes:  FILLER  1625  #H858 

Chemical  Properties: 


C:0.017  Cr:20.450 

Mn:0.350  Mo:6.220 

P:0.021  S:0.0004 

Physical  Properties: 

Tensile-PSI : 106,000 
Yield-PSI :50, 500 
Hardness :RB  87 


Cu: 0 .210 
N:0 .210 
Si:0.390 

Elong-% : 48 . 0 
Condition: ANLD 


Our  Order  Line  No. 


Fe : BALANCE 
Ni:23 . 900 


5 


Lot  No.  M3 82  Mill:  ARMCO 

Description:  NIT50  .125"  X  48.75" 
Notes;  FILLER  NIT50  #K244 


Ghemical  Properties: 
C:0.048 
N:0.220 
S : 0 .011 


Cr:20 . 980 

Nb:0.010 

Si:0.340 


Physical  Properties: 

Tensile-PSI : 111,000 
Yield-PSI :55, 100 


X  120" 


Mn:6.280 
Ni : 14.200 
V:0.180 

Elong-% : 40 . 0 


Our  Order  Line  No.  3. 


Mo :2 . 150 
P:0.022 


K 


Lot  No.  M3 82  Mill:  ARMCO 

escription:  NIT50  .125"  X  48.75"  X  120" 
otes:  FILLER  NIT50  #K244 

-hemical  Properties: 


I 


Our  Order  Line  No .  6 


MATERIAL  TEST  REPORT 

Metal  Samples  Company 
P . 0 .  Box  8 

152  Metal  Samples  Road 
Munford,  AL  36268 

Ph.  (205)358-4202  Fx.  (205)358-4515 


DATE 

PAGE 

ORDER 


07/16/97 


20391 


I  Customer ; 
Your  PO#; 


01318 

9182 


LAQUE  CENTER  /  CORROSION  TECHNOLOGY 


Lot  No.  M3 82 
C:0.048 
I  N:0.220 


(Continued. . . ) 

Cr:20.980 
Nb: 0.010 
Si:0.340 


I  StO.Oll  Si 

Physical  Properties: 

I  Tensile-PSI : 111, 000 

'  Yield-PSI :55, 100 


Mn:6.280 
Ni  :  14.200 
V:0.180 


Elong-% : 40 . 0 


Mo:2 . 150 
P:0.022 


"Lot  No.  L708  Mill:  J&L  SPECIALTY 

■Description:  316L  .125"  X  48"X  120"  (4  PCS 
Item:  011590125  316L  .125" 

Chemical  Properties: 

IC:0.010  Co:0.140  Cr 

Fe: BALANCE  Mn: 1.790  Mo 

Ni:10.170  P:0.030  S: 

■Physical  Properties: 

Tensile-PSI :81, 900  Yi 

Hardness :RB  80 


Cr: 16.490 
Mo: 2. 060 
S:0.013 

Yield-PSI :44, 000 


Our  Order  Line  No , 


Cu:0 .290 

N:0.034 

Si:0.380 


Lot  No.  M3 8 3  Mill:  ALLEGHENY  LUDLUM 

description:  AL6X+N.125"  X  22"  X  147"  (2) 
Chemical  Properties: 


Chemical  Properties: 

C:0.017  Cr 

Mn:0.350  Mo 

P:0.021  S:( 

Physical  Properties: 

Tensile-PSI : 106 , 000 
Yield-PSI :50, 500 
Hardness :RB  87 


Cr :20 .450 
Mo: 6. 220 
S:0.0004 


Cu:0.210 

N:0.210 

Si:0.390 

Elong-% :48 . 0 
Condition :ANLD 


Our  Order  Line  No , 


Fe : BALANCE 
Ni  :23 . 900 


jOt  No.  M3 82 


Mill:  ARMCO 


■Description:  NIT50  .125"  X  48.75"  X  120" 
Chemical  Properties: 

III  C:0.048 


Our  Order  Line  No. 


Cr :20 . 980 


Mn: 6.280 


Mo:2 . 150 


MATERIAL  TEST  REPORT  DATE  :  07/16/97 

PAGE  :  4 

Metal  Samples  Company  ORDER:  20391 

P . O .  Box  8 

152  Metal  Samples  Road 
Munford,  AL  36268 

Ph.  (205)  358-4202  Fx .  .  (205 ) 358 -4515 


Customer:  01318 

Your  PO#:  9182 

LAQUE  CENTER  / 

CORROSION  TECHNOLOGY 

Lot  No.  M382  (Continued...) 

N:0.220 

Nb: 0 . 010 

Ni:14.200  P:0.022 

S:0.011 

Si  :0 . 340 

V:0.180 

Physical  Properties: 

Tensile-PSI :111, 000 

Elong-%:40.0 

Yield-PSI :55, 100 

Lot  No.  K304  Mill:  ALLEGHENY  LUDLUM 

Description:  316L  .125"  X  48"  X  1 

Chemical  Properties: 

C: 0.018  Cr:16.420  Fe : BALANCE 


Mo:2.100 


N: 0 . 040 


Ni:10.230 


S.-O.OOl  Si:0.480 

Physical  Properties: 

Tensile-PSI : 85, 500  Elong-%:56.0 

Yield-PSI : 38 , 800  Condition :ANLD 

Hardness : 80 . HRB 


Our  Order  Line  No.  10 


Mn:1.890 

P:0.028 


Lot  No.  M383  Mill:  ALLEGHENY  LUDLUM  Our  Order  Line  No.  11 


Description:  AL6X+N.125"  X  22"  X  147" (2) 


Ichemical  Properties: 

'  C:0.017 

Cr:20 .450 

Cu: 0.210 

Fe : BALANCE 

.  Mn:0.350 

Mo:6.220 

N:0.210 

Ni  :23 . 900 

P:0.021 

S:0.0004 

Si:0.390 

Physical  Properties: 

■  Tensile-PSI : 106 , 

000 

Elong-% : 48 . 0 

1  Yield-PSI :50, 500 

Hardness :RB  87 

Condition :ANLD 

Lot  No.  M382  Mill:  ARMCO 

Description:  NIT50  .125"  X  48.75"  X  120" 

Chemical  Properties: 

C:0.048  Cr:20.980  Mn:6.280 

I  N:0.220  Nb:0.010  Ni:14.200 


Our  Order  Line  No.  12 


Mo:2.150 
P: 0 . 022 


MATERIAL  TEST  REPORT  DATE  :  Ql/l6l91 

PAGE  :  5 

Metal  Samples  Company  ORDER:  20391 

P . O .  Box  8 

152  Metal  Samples  Road 
Munford,  AL  36268 

Ph.  (205)358-4202  Fx.  (205)358-4515 


Customer:  01318  LAQUE  CENTER  /  CORROSION  TECHNOLOGY 

Your  PO#:  9182 


Lot  No.  M382  (Continued...) 

S:0.011  Si:0.340  V:0.180 

Physical  Properties: 

Tensile-PSI : 111, 000  Elong-%:40.0 

Yield-PSI :55, 100 


P^e  certify  that  the  Material  Test  Report  is  correct  to  the  best  of  our  knowledge 
and  that  the  material  supplied  meets  your  required  P.O.  specifications. 

(thank  you,  Quality  Control  Dept, 


I 

I 

I 

I 

I 

I 

I 


PMV  frmncm 

SERVICE.  OUAUT^ 

B  >*,  10  7150^  ctdei_ 


CLIENT 
Tarchtser  /  BfSlellcr 
COM^IANDE  No 
Order  lir  /  JtsUlUr  Ir 
SUBORDER  /ITEM 


CCRTIF1^»  DE  RECEPTION  B 

INSPECT!^  CERTIFICATE  B 

_ A — 

Page 

.  ABNAHMEPRUFZEUGNIS  B 

Stre;l/Se!te 

EN  lOZOd  -  3.1.B 

9655079 

- 

1/2 

TAD  USA  INC 

D003780  PO  HOI  5521/9  No  COWiANDE  USINE 

(Ider.tification  FournJture/C«rtificat) 


GZ533808D 


'  f 
M 


TYPE  DE  PRODUIT  Tubes  sans  soudme  Finis  i  cbaud  S^rie  pipe  Bypertreap^  Ddcap^ 

Seasless  Pipcs/Tub«  Kol  finished  Pipe  series  .  inhaled  Pickled 

Katbiose  Stablrotire  Karigefertig  S^rie  pipe  Abgcschrcdct  Gebeit; 

NUANCES  ET  SPECIFICATIONS  /  Grade  and  Specificitjors  /  Stalilsorte  und  Liefeivarsdiriftcn 
TP3I6L  ‘  -  . 

ASTM  .A.  312/ASME  SA  312/94B  -  ASTM  A  376/ASME  SA  376/93  -  NACE  MR  0175 
MARQUAGE/MARKING/MARKIERUNG  :  DMV  -F-'  TP316L/TP316  -  ASTMA312/ASMESA312- 
ASTM  A376  /  ASME  SA376  -  2"  NPS .  SCH  40S-*HEAT  PP5  21-SEAMLESS-1900PSI--FRANCE 


QUANTITE  /  Quantity  /  LiefenenQe 


Nombre 

150 


M 

1045.43 


Iptjl  len^hl  3(^!.85  Fttl  loUl  widil  l?iW.3S  Hn 
_ 1 _ I _ _ _ 


Kg 

5662 


DIMENSIONS  (Diam.  X  Ep.  X  Lg(inin)  )  /  Siie  /  Abaessuntj 


60-30  X  3.91  i 

SIZE  2”  sen  405 


6110  /  7620 
20.04'  TO  25.00' 


CARACTERlSTlOOES  CHIHIQUES  /  Oiedcal  Iflilph  /  Cheaische  lusaasenseltitt;^ 


laborction  /  Kelting  Procew  /  Ericbeliungsart 


ACIER  ELECTRIOUE  /  ELECTRIC  STEEL  /  ELECTROSTAjSL 


C 

Mn 

P 

s 

Si 

Ni 

Cr 

Mo 

Co 

MINI 

10.00 

16.00 

2.00 

MAXI 

0.035 

2.00 

0.040 

0.030 

0.75 

15.00 

18.00 

3.00 

0.20 

Coulee  /  Heat 
PP521 

1 

0.019 

1.91 

0.019 

.  0040 

0.35 

1 

111,20 

16.91 

1 

1  2.10 

1  0.08 

mRISTlQUES  KFCAKIQOES  BT  HETAL-IORCIQUCS  /  fechrnta I  ind  Fr^ in  /  ^^fduDischi  V.Ullurjiscl^  1^^ 


• 

R«.  li  O.It 

Is  0.21 
STSESCSDIIZ 
PSI 

El 

rixsiLr  mt 
sncrtSTicwc 
PSI 

k\ 

OCK^rKR 

DEixnc 

2*' 

APUriSSKHT 

furrooic 

iDmiiT 

cuiim 

umsssnsT 

BUKS 

.  .. 

ill 

CONDITIONS 

MINI 

MINI  . 

MINI 

NACEMR0175 

MIL/P/ 

IMPOSEES 

25000 

70000 

35 

<?=  22HRC 

24691-3 

S065 

36695 

80522 

48.3 

BON-OK-OB 

18 

BON-OK-OB 

S066 

32779 

00543 

51-7 

BON-OK-OB 

<-  18 

BON-OK-OB 

S067 

34954 

78880 

48.6 

i<«  18 

bon-ok-ob 

S068 

1 

BON-OK-OB 

S069 

BON-OK-OB 

S070 

BON-OK-OB 

I 

1 

i 


Stainless  Pipe  t  Ftgs. 
LflOUE  CENTER  FOR 
Oust  PO-  9E44 
a  SA0  SMS  PIPE  31&L 


Date  07/30/97 
Shor  No-  074309 


‘^'JITE  PAGE  2/2 


DMV  STAINLESS  France  Certilit  ISO9O02  •  LRQA  N*  926478  6  (j 


■ 

:>iA  ?  ToS 


APPENDIX  5 


5  a  -  Products  Qualified  Under  Military  Specification  MIL-P-24647 

Paint  System,  Anticorrosive  and  Antifouling,  Ship  Hull 


5b  -  International  Paint  Company  product  literature 


5c 


Coating  Application  Procedure  Utilized  for  Flat  Test  Panels  and  Pipes 


APPENDIX  5a 


Products  Qualified  Under  Military  Specification  MIL-P-24647 
Paint  System,  Anticorrosive  and  Antifouling,  Ship  Hull 


7036020247-^ 


SENT  BYJXerox  lelecopier  7020  :  2~24“97  ;  17:53 


;«  2 


QUALIFICATIONS  CERTIFIED 
APRIL  1996 


QPL-24 647-3 
2  April  1996 
SUPERSEDING 
QPL-24G47-2 

29  January  1993 


QUALIFIED  PRODUCTS  LIST 

or 

PRODUCTS  QUALIFIED  UNDER  MILITARY  SPECIFICATION 
MIL-P-24647 

PAINT  SYSTEM,  ANTICORROSIVE  AND  ANTI  FOULING,  SHIP  HULL 


This  list  has  been  prepared  for  use  by  or  for  the  Goverrmient  in  the  acquisition 
of  products  covered  by  the  subject  specification  and  such  liatingof  a  product  is 
not  intended  to  and  does  not  connote  endorsement  of  the  product  by  the  Department 
of  Defense.  Ail  products  listed  herein  have  been  qualified  under  the  requirements 
for  the  product  as  specified  in  the  latest  effective  issue  of  the  applicable 
specification.  This  list  is  subject  to  change  without  notice;  revision  or  amendmen*: 
of  this  list  will  be  issued  as  neceasary.  The  listing  of  a  product  does  not  releases 
the  contractor  from  compliance  with  the  specification  requirements. 

THE  ACTIVITY  RESPONSIBLE  FOR  THIS  QUALIFIED  PRODUCTS  LIST  IS  THE  NAVAL  SP.A 
SYSTEMS  COMMAND,  SEA  03R42,  2531  JEFFERSON  DAVIS  HWY,  ARLINGTON,  VA  22242-5160. 


GOVERNMENT 

DESIGNATION 


MANUFACTURER'S 

DESIGNATION 


TEST  OR 
QUALIFICATION 
REFERENCE 


MANUFACTURER'S 
NAME  AND.  ADDRESS 


Type  I  Coat 

Class  lA  Coat 
Grades  A&B 
Applica-  Coat 
tion  1 

Coat 


1  FPL274/FPA327  AC  (Red)  5  mils  MDFT 

2  FPJ034/FPA327  AC  (Gray)  5  mils  MDFT 

or 

1  FPL274/FCA321  Low  Temp  AC* (Red) 

5  mils  MDFT 

2  FPJ034/FCA321  Low  Temp  AC*  (Gray) 

5  mil*  MDFT 


^  For  use  at  tei&pertures  below  40^ 

plus 

Coat  3  BRA642  AF{Blac)c)  5  mils  MDFT 

Coat  4  BRA640  Ar(Red)  5  mils  MDFT 


NSTM  S9086- 
BD-ST-M-000/ 
Chapter  631, 
Change  8 , 
Table  631-39 
&  NAVSF-A  Ltr 
Ser  O3Ml/0e9 
of  12  Aug  94 


Paint 

tive 

091 


77 


Courtaulds  Coa|tings 
International 
6001  Antoine  D| 
Houston,  TX 
Plants ; 

6001  Antoine 
Houston,  TX 
2270  Morris  A 
Union,  NJ  0706 


Drive 

77091 

venue 

3 


AMSC  N/A  f  FSC  8010 

DISTRIBUTION  STATEMENT  A  Approved  for  public  release;  distribution  unlimited 


1  of  5 


StNI  BY^Xerox 


GOVERNMENT 

DESIGNATION 


Type  I 
Claaa  lA 
Grades  A&B 
Application  2 


Type  I 
Class  lA 
Grades  AfiB 
Application  1 


Type  I 
Class  lA 
Grades  A&B 
Application  2 


Telecopier  7020  :  2-24-97  :  17^54  ;  7036020247-^ 


;#  3 


QPL-24647-3 


MANUFACTURER’S 

DESIGNATION 


TEST  OR 
QUALIFICATION 
REFERENCE 


MANUFACTURER'S 
NAME  AND  ;a)DRESS 


Coat  1  FPL274/FPA327  AC  (Red)  5  mils  MDFT 

Coat  2  FPJ034/FPA327  AC  (Gray)  5  mils  MDFT 

or 

Coat  1  FPL274/FCA321  Loh  Temp  AC*  (Red) 

5  mils  MDFT 

Coat  2  FPJ034/FCA321  Low  Temp  AC*  (Gray) 

5  mils  MDFT 

♦  For  uae  at  ttuspmxtnxnm  below  40"^ 

plus 

Coat  3  BRA642  AF(Blac)c)  5  mils  MDFT 

Coat  4  BRA642  AF (Black)  5  mils  MDFT 


NSTM  S9086- 
BD~*ST-M-000/ 
Chapter  631^ 
Change  8^ 
Table  631*^39 
&  NAVSEA  Ltr 
Ser  03M1/089 
of  12  Aug  94 


Courtaulda  Cd 
International 
6001  TVntoine 
Houston,  TX 
Plants i 
6001  Antoin 
Houston,  TX 


atings 

Faint 

Drive 

77091 

Drive 

77091 


2270  Morris  Avenue 
Unions  NJ  0’^083 


Coat 

1 

KHA303/KHA062  AC  (Red) 

5  mils  MDFT 

NSTM  S9O06- 

Courtaulds  Cc 

Coat 

2 

KHA302/KHA062  AC  (Sray) 

5  mils  MDFT 

BD-ST-M-000/ 

International 

or 

Chapter  631, 

6001  Antoine 

Coat 

1 

KHA303/KHA414  Low  Temp  AC*  (Red) 

Change  8, 

Houston,  TX 

5  mils  MDFT 

Table  631-39 

Plants : 

Coat 

2 

KHA302/KHA414  Low  Temp  AC* (Gray) 

«  NAVSFA  Ltr 

6001  Antoine 

S  mil*  MDFT 

Ser  03M1/089 

Houston,  TX 

♦  Tox  use  at  tempertures  below 

o 

o 

of  12  Aug  94 

2270  Morris 

plus 

Union,  NJ  0’ 

Coat 

3 

BRA642  AF (Black) 

5  mils  MDFT 

Coat 

4 

BRA640  AF(Red) 

5  mils  MDFT 

atings 

Paint 

Drive 

77091 

Drive 

77091 

\venue 

083 


Coat  1  KHA303/KHA062  AG  (Red)  5  mils  MDFT 

Coat  2  KHA302/KHA062  AC  (Gray)  5  mils  MDFT 

or 

Coat  1  KHA303/KHA4i4  Low  Temp  AC*  (Red) 

5  mils  MDFT 

Coat  2  KHA302/KHA414  Low  Temp  AC*  (Gray) 

5  mils  MDFT 

*  For  \jmm  at  tenperturea  below  40'’F 

plus 

Coat  3  BRA642  AF  (Black)  5  mils  MDFT 

Coat  4  BRA642  AT  (Black)  5  mils  MDFT 


NSTM  S9086-- 
BD-ST-M-000/ 
Chapter  631, 
Change  8, 
Table  631“39 
&  NAVSEA  Ltr 
Ser  03M1/099 
of  12  Aug  94 


Courtaulda  Co 
International 
6001  Antoine 
Houston,  TX 
Plants : 

6001  Antoine 
Houston,  TX 


atings 

Paint 

Drive 

77091 

Drive 

77091 


2270  Morris  Avenue 
Union,  NJ  O')  083 


2  of  5 


SEMI  bY^Xerox  Telecopier  7U20  ;  2-24-97  ;  17^54 


7036020247-^ 


;«  4 


QPL-24647-3 


GOVERNMENT  MANUFACTURER’S 

DES I  GNAT  XON  DES I  GNAT  ION 


TEST  OR 
QUALIFICATION 
REFERENCE 


MANUFACTURER ’ 5 
NAME  AND  ADDRESS 


Type  I 

Coat 

1 

BRA 

640 

AF 

(Red) 

5 

mils 

MDFT 

Class  3A 

Coat 

2 

BRA 

640 

AF 

(Red) 

5 

mils 

MDFT 

Grades  A£B 
Application  1 

Coat 

1 

BRA 

or 

642 

AF 

(Blac){) 

5 

mils 

MDFT 

Coat 

2 

BRA 

640 

AF 

(Red) 

5 

mils 

MDFT 

Type  I 

Coat 

1 

BRA 

642 

AF 

(Black) 

5 

mils 

MDFT 

class  3A 

Coat 

2 

BRA 

642 

AF 

(Black) 

5 

mils 

MDFT 

Grades  a4B 
Application  2 

Coat 

1 

BRA 

or 

640 

AF 

( Red) 

5 

mils 

MDFT 

Coat 

2 

BRA 

642 

AF 

(Black) 

5 

mile 

MDFT 

Type  I 

Coat 

1 

Devran  230  AC 

(Red) 

5 

mils 

MDFT 

class  lA 

Coat 

2 

Devran  230  AC 

(Gray) 

5 

mils 

MDFT 

Grades  A 

or 

Application  1 

Coat 

1 

Devoe  Bar  Rust 

235 

Low  Temp  AC* (Red) 

5 

mils 

MDFT 

Coat 

2 

Devoe  Bar  Rust 

235 

Lqw  Temp  AC* (Gray)  5  mile  MDFT 

aleo  be  laaed  at  t6tfngp«:rtur«a  above  40*^ 
plus 

Coat  3  Devoe  ABC#3  AF( Black)  5  mils  MDFT 

Coat  4  Devoe  ABC#3  AF(Red)  5  ntlls  MDFT 

Coat  1  Devran  230  AC  (Red)  5  mils  MDFT 

Coat  2  Devran  230  AG  (Gray)  5  mils  MDFT 

or 

Coat  1  Devoe  Bar  Rust  235 

Low  Temp  AC* (Rod)  5  mils  MDFT 

Coat  2  Devoe  Bar  Rust  235 

Low  Temp  AC* (Gray)  5  mils  MDFT 

♦May  al«o  be  used  at  tm^extures  above  40®r 

plus 

Coat  3  Devoe  ABC#3  AF (Black)  5  mils  MDFT 

Coat  4  Devoe  ABC#3  AF (Black)  5  mils  MDFT 


Type  I 
Class  lA 
Grades  A 
Application  2 


Technical 
Handbook  56360- 
AD-HBK~010/SHT 
Maintenance  a 
Repair  for 
Submarines r 
Table  5-2  and 
NAVSEA  Ltr  Ser 
5141/028  of 
22  Feb  91 


Courtaulds  Coatings 
International  Paint 
6001  Antoine  Drive 
Houston,  TX  7709 
Plants ; 

6001  Antoine  Dri|ve 
Houston,  TX  77091 
2270  Morris  Avenpe 
Union,  NJ  07003 


Technical 
Handbook  S6360- 
AD-HBK-OIO/SHT 
Maintenance  £ 
Repair  for 
Submarines, 
Table  5--2  and 
NAVSEA  Ltr  Ser 
5141/028  of 
22  Feb  91 


Courtaulds  Coatinqa 
International  Paint 
6001  Antoine  Drlv^ 
Houston,  TX  77091 
Plants : 

6001  Antoine  Drik^e 
Houston,  TX  77091 
2270  Morris  Avenue 
Union,  NJ  07083 


NSTM  S9086- 
BD-ST-M-000/ 
Chapter  631, 
Change  8, 

Table  631-39 
and  NAVSEA  Ltr 
Ser  03M1/090 
of  12  Aug  94 


Devoe  Coatings  CoL 
4000  Dupont  Circla 


Box  7600 
Louisville,  KY 
Plants ! 


40207 


9155  River  Road 
Pennsauken,  NJ  06ll0 


2625  Durahart  3tJ*eet 
Riverside,  CA  92302 


NSTM  S9086- 
BD-ST-M-000/ 
Chapter  631, 
Change  8, 
Table  631-39 
£  NAVSEA  Ltr 
Ser  03M1/090 
of  12  Aug  94 


Devoe  Coatings  Co > 
4000  Dupont  Circle! 
P.O.  Box  7600 
Louisville,  KY  40207 
Plants ; 

9155  River  Road 
Pennsauken,  NJ  011110 


2625  Durahart  Street 
Riverside,  CA  92502 
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SENI  BY:xerox  Telecopier  7020  :  2-24-97  :  17:55  : 

f 


7036020247-^ 


QPL-24647-3 


GOVERNMENT 

DESIGNATION 


MANUFACTURER’S 

DESIGNATION 


TEST  OR 
QUALIFICATION 
REFERENCE 


Type  I 
Class  3A 
Grad A a  A 
;^plication  1 


Coat  1  Devran  223AF 

Coat  2  Devoe  ABC^3  AF  (Rad) 

Coat  3  Devoe  ABC#3  AF  (Red) 


3^4  mils  MDFT 
3-4  mils  MDFT 
3-4  mils  MDFT 


Technical 
Handbook  56360- 
AD-HBK-OIO/SHT 
Maintenance 
Repair  for 
Submarines^ 
Table  5-2 


Type  I  Coat  1  Devran  223AF  3^4  mils  MDFT 

Class  lA  Coat  2  Devoe  ABC#3  AF  (Black)  3-4  mils  MDFT 

Grades  A  Coat  3  Devoe  ABC#3  AF  (Black)  3-4  mils  MDFT 

Application  2 
40207 


Technical 
Handbook  S6360- 
AD-HBK-OIO/SHT 
Maintenance  4 
Repair  for 
Submarines, 
Table  5-2 


Type  I 
Class  lA 
Grades  A 
Application  1 


Coat  1  Hempadur  4515-5063  AC (Red) 

5  mils  MDFT 

Coat  2  Hempadur  4515-1148  AC (Gray) 

5  mils  MDFT 


or 


Coat  1  Hempadur  4514-5063 
5  mils 

Coat  2  Hempadur  4514-1148 


Low  Temp  AC*  (Red) 
MDFT 

Low  Temp  AC*  (Gray) 

5  mils  MDFT 


Hempel  Tost 
Rpt.  dated 
20  Dec  91 
and  NAVSEA 
Ltr  Ser 
03M1/091  of 
12  Aug  94 

77028 


♦For  use  at  tein>ertuxea  below  50®r 

plus 

Coat  3  Olympic  7660-1999  AF  (Black)  5  mils  MDFT 
Coat  4  Olympic  7660-5111  AF(RBd)  5  mils  MDFT 


MANUFACTURER'S 
NAME  AND  MDRESS 


Devoe  Coatings,  Co. 
4000  Dupont  Circle 
P,0,  Box  7603 
Louisville,  <Y  4020 
Plants: 

9155  River  Aoad 
Pennsauken^  NJ 
08110 

2625  Durahact  5t. 
Riversode^  OA 

92502 


Devoe  Coatings,  Co 
4000  Dupont  Circle 
P.O.  Box  76D0 
Louisville,  KY 
Plants : 

9155  River  Road 
Pennsauken.  NJ 
OBllO 

2625  Durahart  St, 
Rivers ode,  CA 
92502 


Hempel  Coatings 
(USA),  Inc. 

6901  Cavalcade 
Houston,  TX  77028 
Plant : 

6901  Cavalcade 
Houston,  TX 
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s 

QUALIFICATION  . 

MANUFACTURE 

:r's 

DESIGNATION 

DESIGNATION 

REFERENCE 

NAME  AND  A1 

»DRESS 

Type  I 

Coat 

1  Hempadur 

4515-5063 

AC (Red) 

Hampel  Test 

Henkel  CoatJ 

ngs 

Class  lA 

5  mils  MDFT 

Rpt.  dated 

(USA),  Inc. 

Grades  A 

Coat 

2  Hempadur 

4515-1148 

AC (Gray) 

20  Dec  91 

6901  Cavalci 

ide 

Application  2 

5  mils  MDFT 

and  NAVSEA 

Houston,  TX 

77028 

or 

Ltr  Set 

Plant: 

03M1/091  of 

6901  Caval< 

:ade 

Coat 

1  Hempadur 

4514-5063 

Low  Temp  AC* (Red) 

12  Aug  94 

Houston,  T) 

f 

5  mils 

MDFT 

77028 

Coat 

2  Hempadur 

4514-1149 

Low  Temp  AC* (Gray) 

5  mlla  MDFT 

*For  Tjnm  at  tan^rturaa  balow  50*^ 
plus 

coat  3  Olympic  7660-1999  AP (Black)  5  mils  MDFT 
Coat  4  Olympic  7660-1999  AF (Black)  5  mils  MDFT 
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APPENDIX  5b 


International  Paint  Company  Product  Literature 


JUN-19-1997  03:5^PM  FROM  IP  HIDLOTHIPai  UH 


TO 


19102569816  P.04 


K  International. 


Marine  Coatings 
Product  Data  Sheet 


Inlergard  ® 

universal 

FP  series/FPA327 


Product 

Description 

A  two  pack  pfxjxy  anticoiioslve 

’  Suitaco  tolerant  •  High  buIkJ,  up  to  8  mils  (200  microns)  In  one  coal 

•  Self  priming  ♦  AvailaWo  in  a  Untiled  range  of  colors 

Intended  Uses 

A  universal  anticorrosive  lor  use  on:  ' 

•  Underwater  hirlls  •  Internal  areas  iiKiuding  ballast  tanks 

•  Above  water  areas  •  Marine  vessels,  barges  and  offsiwre  structures 

Product 

Volume  Solids 

110% 

Inforiiintlon 

typical  Thickness 

Diy  Filni 

4  mils  equivalent  !o  5.0  mils  wcl 

(100  nticnons  equivalent  lo125  mictorts  we!) 

Tlieoretlcai  Coverage 

321  sq.  fiyU.S-  gallon  (at  staled  volume  solkJs 

(385  sq.  Il./lmp.  gallon)  and  typical  thickness) 

(7.89  sq.  myritre) 

Practical  Coverage 

Allow  approprinlo  loss  faclors. 

nogulalory  Data 

VOC  1.60  IbsVgal.  (190  g/l). 

Application  ^ 

Mix  Hallo 

4  volumes  FP  scries  lo  1  volume  FPA327. 

Details 

Mellio<l  of  Application 
Airless  Spray 

Brusft  or  Roller 
CotTvenlional  Spray 

Recx)mmended  -  Tip  range  25-33  tliou.  Incli. 

'  Tola!  output  UukJ  pressure 

2500  p.s.l.  (175  kgysq.  cm.) 

For  srrtall  areas  only 

Suitable. 

IhinneF 

Noi  riormally  recommended.  In  oxceptlonal  circumstances  use*” 
GTA415  (max.  5%  by  volume). 

GTA415. 


Pot  l.lle 


4rF(  S'C)  - 
73“F  (23°C)  - 


8 1)ours 
4  lx)ur^ 


Drying  Times 

Subsirale 

Temperature 

Toucli 

Dry 

Hard 

Dry 

Overcoating  Interval 
lirtergard  FP  sori0s/FPA327  by 

Sell  Intetgard 
FAJ034/FAA262 

Interthane  CC 
and  Intergard 
EC  series 

Intersheen  LA 

Min. 

Max. 

Min. 

Max. 

Min, 

Max. 

4rr(“6%t)~ 

10  lira 

“241ns 

16  hrs 

3  mos 

16  hrs 

2  mon 

16  hrs 

4  days 

73^  (23X) 

4  hfS 

8  hrs 

6  tins 

2  nxjs 

6  hrs 

1  mon 

6  hrs 

2  days 

95'l-  (35X) 

2  Mrs 

4  hrs 

3  hrs 

1  mon 

3  firs 

7  days 

3  hrs 

24  hrs 

storage  and 
Handling 

Storage 

— - - - - - 1 - » - 1 - 1 _ U- _ 

Store  in  cool,  dry  ooihiilions. 

Pack  Size 

FP  series 
rPA327 

4  gallons  In  5  gallon  container 

1  gallon  In  1  gallon  container 

Flash  Point 

Greater  than  100®F  (30°C)  for  both  components  and  mixed  paint. 

jm-19-19gV  0i:55PH  FRUM  IP  MILUJiHinM  UH 


lU 


19102569816 


P.05 


Spdcificatton  ond  Surface  Preparation 


liiloryard  FT  flflHos/rPA32/  sfwukJ  bo  usod  In  aocordanco  wHh  tlw  spodflcatlans  gcvon  In  tim  Mailno 
Pjwluci  SpocHirj^tlon  Mnnunl. 

•  Fmsh  wator  wash  to  romovo  all  dift  arxJ  salt  contamination. 

•  Dograaso  according  to  SSf^G  SP1  solvant  daaning. 

NEWBUllOING 

•  VYlioro  nncosanry,  roniovo  wnkf  spattoi  nnd  srrKxjtli  wald  snam?:  and  sharp  odgoa. 

•  Cloan  wokln  nnd  dnnmqnd  sliop  priinor  by  Wanting  to  rwnr  wbltn  inotal  SSPC-SPlO  or  Sa273Swodi!;h 
Standard  SIS  05  59  00  or  by  |)owor  tooling  to  SSPC-SPS. 

•  For  Intad  zirv:  sluip  prifrrors  powor  tool  to  rt2  JSRA  Sf’SS  1975.  or  abrasivo  swoop. 

MAJon  FlFJ^UnniSHMENT 

-  Blast  dean  to  SSPG-SP10  or  Sa27a. 

UPGRADING 

•  Hard  grit  swoop. 

REPAIR 

•  Proparo  baro  mans  of  stool  by  blaslir)g  to  SSPC-SPIO  or  Sn27j  or  by  powor  tooling  to  SSPC*SP3  or  Sl2 
Swodlslr  Standard  SIS  05  59  00. 

•  Foathor  or  diip  bad<  surrounding  aroa  to  a  sound  odyo. 

•  Ovorirrp  onto  Iha  axisling  coals  by  1  ind?. 

•  For  blastod  moan,  fntorgard  FP  sorios/FPA327  should  bo  applied  boforo  oxidation  occurs. 

•  Ensure  the  total  aroa  Is  dean  and  dry  prior  to  application. 


Limitations 

This  product  will  no!  cure  adoqualuly  below  4  TF  (S'C).  For  inaxHTium  performance,  the  curing  lemporolure 
siwuld  be  above  50"F  (10'^).  Optimum  porlormanco  is  adrioved  when  IrUoryard  FP  sGrIes/FPA327  Is 
af^)fied  over  blasted  steel. 

Safety  Precautions 

Prior  to  use.  consult  the  appropriate  Mnlerii!  Safety  Dntn  Sheet  for  detailed  health  arKJ  safety  Inlomiallon. 

Minimum  safely  precnullorrs  In  dealing  with  nil  paints  me: 

(n) Tnke  precnulions  to  avoid  skin  nnd  eye  conloct  (I.e.  gloves,  goggles,  face  mask,  barrier  creams,  etc.) 

(1i)  Provide  adequate  ventilation. 

(c)  H  the  product  comes  In  rxint.ncl  with  llie  skin,  wash  thoroughly  witfi  lukewarm  water  arrd  soap  or 
siiilnhle  industiial  doannr.  H  the  eyes  are  conlammated  Hush  with  water  (minimum  10  minutes) 
and  obtain  medical  attention  at  once. 

(d)  Since  these  products  contain  flammable  materials,  keep  nway  from  sparks  and  open  flames.  No 
smoking  should  be  f)errrirt1ed  in  the  aroa. 

(o)  Observe  all  precautlonnry  r>otlce3  on  containers. 


Worldwide  Availability 


H  l.q  the  fxilicy  of  Inlernntbnnl  to  supply  this  prrxk/cf  worldwide.  However,  in  certain  countries,  product 
modifications  may  be  required  In  order  to  comply  with  legislation  or  parliculnr  local  conditions.  Whore  this 
occurs,  an  aHornalrve  sales  code  and  data  sheet  Is  used. 

This  product  is  available  only  in  the  USA  and  Canada. 

Definitions 


Tolorances 
Practical  Coverage 

Volume  Solids 


Overcoating  Intervals 


urrsclaliner 


Iho  InrormaHoe  oonleined  Iwrain  Is  InlnrKkxI  nobly  b  ocffinJnt  you  witfi  llwrf?  products  and  is  not  intended  to  bo 
oxhtiustfvo.  Tills  Infomintjon  Is  sul>bcf  lo  modi5cntioo  from  time  to  6ine  witfroirt  funhor  notfee.  Furtlw.  tho 
Information  does  not  constitute  aixj  RhnII  not  l>e  interpretrrd  or  construed  to  constitute  on  exprx^ss  warranty  or  a 
recommefrdation  by  International  of  Urn  pftKkjdK'  xuitaWIity  or  fitness  for  a  particular  purpose  or  npplicalioe. 
IMFLIED  WARRAN  I  Its  OF  FI  I  NESS  FOR  A  PARTICULAR  PURPOSE  AND  OF  MERCMANTADILITY  ARE 

cvnttncn  iWTCDMATir«MAi  cuam  wrrr  iiunco  amv  mti^^iufoTAMr^fro  nr- 1  t«fAi  ^ 


CoURrAUlDS 

COATINGS 


The  numerical  Ififormation  quoted  in  this  data  sheet  Is  subjrKt  to  rrotrnal  mnnulncturing  tolerarrcoo. 
Practical  coverage  can  vary  doporKJing  on  application  conditions,  the  yoometrlcal  complexity  of 
the  stfuciure.  the  woalhor  conditions,  etc. 

lire  volume  solkJs  figure  givon  in  Ifris  dnin  sheet  Is  the  percontayo  of  dry  film  obtained  trom  a 
given  wet  film  thickness  under  npedfied  application  rate  and  condKbns.  AS  I M  D2G97-73  (Reapprovod 
1979)  at  77T(25'’C)  and  7  days  cure. 

Ihe  Intervals  given  assume  proparntion  consistent  wHh  good  painting  practice. 


( 
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Interviron®  BRA640  Marine  Coatings 
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Polishing  Antifouling 


iNTEt^Dt^D  UsM  For  supcrior  performance,  triburyliin  free,  polishing  aniifouling.  A$  a  multiple  coat  system  for 

extended  in-fcrvicc  periods* 


PnoDUcY  OEsfcxrrTiorf  A  high  performance,  rribucyltin  free,  polishing  ancifouling*  Enhanced  biocide  release  mechanism. 

Prevents  coating  build-up.  At  subsequent  drydockings,  k  is  only  necessary  to  top  up 
the  system.  Low  VOC 


PXODUCT  ZwrOKMATION 


Color 

Floish/Sheen 
Converter 
Volume  Solids 
Mbc  Kado 
Hash  Point 
Film  Thickness 


Tkcoredcal  Coverage 


BRA640-Red,  BRA641-Blue,  BRA642-B!ack;  BRAG13-Ocean  Green 
Semi-Gloss  (ASTM  D-523) 

One  pack 

62%  ±  2%  (A5rM  D-2697) 

One  pack 

79T  (26"C)  (SetaHash)  (ASTM  D-5278) 

4.0  mils  (102  microns)  dry  specified  equivalent  to  6.5  mils  (166  microns)  wet 
40-5,0  mils  (102-127  microns)  dry  practical  range  equivalent  to  6,5-S.l 
mils  (165-206  microns)  wet 

248  sq.  fi,/gal.  (4.0  mils  (102  microus)DFT)  Allow  appropriate  loss  facto w. 


ArrLICATXON  DtTAItS 


Method  Airless  spray,  brush  or  roller 

liuluction/$weat-m  Hme  Not  applicable 

Thibancr  Not  recommended.  If  necessary  use  GTA007,  see  thinning  section. 

Oeaner  GTA007 

Pot  life  Not  applicable 


Drying  Time  (hours) 
Substrate  Temperature 


Overcoating  Interval  By 
(ASTMD  Self 

1640  7.5. })  (ASTM  0^1640  7.S) 

Touch  Minimum  Maximum 


Minimum  drying  tinu* 
before  flooding  (for  2x5 
mil  (123  microns)  DFT  coots) 


41-F(5*C) 
73^  (2S"C) 
95T  (SS'C) 


12 

6 

4 


24 

12 

6 


Indefinite 

Indefinite 

Indefinite 


3  days 
2  days 
1  day 


"^Refer  to  your  Inttmationcxi  Represeniative  for  minimum  drying  time  before  flooding  at  higher  dry  film 
thicknesses  and  to  Limitations  section  for  maximum  ncommeiided  atmospheric  exposure  time  before  flooding. 


Rr.c  vtAro  Jty  ATA 


VOC 
EPA  . 

I  •  ■ 

MIL  SPEC 


2-8  Ib/gal  (336  g/1<)  as  supplied 


'  ;  ■  y ' .  .  •  I 

^  Registration  No,  2693-142  Iff’ 

state,  rc^ Strattons  collect, yovr  jmj^rh  Reprjcseniative 

or additiohai Regulatory Daia^i • 


Federal  EPA  Registration  No,  2693-142 
For  sj 

See  Page  4  for 

MILrP-24647B.  Type  1.  CL  lA,  Or  A'i  B,  ApplicaUons^l  Sc  2 
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Interviron®  BRA640 


SvmMS  AND 

Limitations 


$\}KfACt  rmirARATION 


Coluuk  your  Inccmational  Rcprcscniacivc  for  the  system  best  suited  for  surfaces 
to  be  protccrecl. 


Apply  in  good  weather  when  air  and  surface  temperatures  are  above  35T  (2X),  Surface 
temperature  must  be  at  least  5“F  (3*C)  above  dew  point*  For  optimum  application  propenics, 
bring  material  to  70^0“F  (21-27*C)  temperature  range  prior  to  mixing  and  application. 

Unmixed  material  (in  dosed  containers)  should  be  maintained  in  protected  storage  between 
40  andlOOT 

Pi'olonged  atmospheric  exposure  of  this  product  may  detract  from  antifouilng  performance. 
Recommended  maximum  exposure  time  before  flooding: 

Temperate  conditions  28  days 
Tropical  conditions  7  days 

These  times  may  be  extended  under  certain  conditions.  Contact  your  local  International 
RcprcscntaLive  for  advice. 

Technical  and  application  data  herein  is  for  the  purpose  of  establishing  a  general  guideline  of  the 
coating  and  proper  coating  application  procedures.  Test  performance  results  were  obtained  in  a 
comrollcd  laboratory  environment  and  International  makes  no  claim  that  the  exhibited 
published  teat  results,  or  any  other  tesa,  accurately  represent  results  actually  found  in  all  field 
environments*  As  application,  environmental  and  design  factors  can  vary  significantly*  due  care 
should  be  exercised  in  the  selection,  verification  of  performance*  and  use  of  the  coating. 

Paint  only  clean,  dry  surfaces.  Remove  all  grease,  oil,  soluble  conraminan w  a  nd  other  detrimental 
foreign  matter  by  “solvent  cleaning"  (SSPOSPl). 


N&w  C^iructiOTt:  Dependent  on  yard  procedures,  consult  International. 

Unpointed  su.7fdcts:  Prepare  surface  and  apply  recommended  primer.  Apply  one  or  more  coals  of 
Interviron  BRAG40  as  specified.  (Consult  the  relevant  primer  data  sheet  for  suiface  preparation 
and  overcoating  infoniiation.) 


/^coating  and  Upgrading  of  approved  systems:  Use  controlled  close  high  pressure  fresh  water  washing 
(3,000  psi.  211  kg/sq.  cm.)  to  clean  the  entire  area,  and  remove  any  lc2ichcd  layer  at  the  surface 
of  the  existing  antifouling  system. 

Repair  corroded  areas  with  the  recommended  anticorrosive  primer  and  apply  a  spot  coat  of 
Interviron  BRA640  within  the  overcoating  interval  specified  for  tiie  primer  (consult  relevant 
primer  data  sheet). 

Apply  the  specified  number  of  full  coats  of  Interviron  BRA640. 
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Interviron*  BRA640 

Poli.ihing  Aniifouling 


Mixinc 


AfPt.^CATlOW 


Tu)N^tlNC 


WOAK  StOPPACXS 
AND  GLXANVT 


Welding 


Saw try 


WOTELOWIDB 

AVAILABXMTY 


This  material  is  a  one  component  coating.  Always  mix  thoroughly  with  a  power  agiKitor 
before  application. 


Apply  by  airless  spray  only.  Application  by  other  methods*  bt'ush  or  roller,  may  require  more 
than  one  coat  and  is  suggested  for  small  areas  only  or  initial  stripe  coating.  Apply  6.5  mils 
(166  microns)  wet  which  will  yield  4.0  mils  (102  microns)  dry  film  diicknesi.  (Zonault  the 
following  equipment  recommendations  or  utilize  suitable  equal. 

Equipment 

Brush:  Use  appropnaie  size  China  bristle  bntsh. 

Use  All  Purpose  Roller  Cover  3/8'*  pile  smooth  to  medium.  Prewash  roller  cover  to  remove 
loose  fibers  prior  to  use. 

Minimum  28;1  ratio  pump;  .021’*  -  .026''  (533^60  microns)  orifice  tip; 

3/8“  ID  high  pressure  materia!  hose;  60  mesh  tip  filter. 


DO  NOT  THIN  BEYOND  YOUR  STATE'S  COMPLIANCY.  Material  is  supplied  at  spray 
viscosity  and  normally  does  not  need  thinning.  If  thinning  is  necessary,  thin  up  to  a  maximum  of 
4  ounces  (ii8  ml)  per  gallon  with  Intemaiional  GTA007  Thinner. 

Clean  aJI  equipment  immediately  after  use  with  International  GTA0O7  Thinner.  .Spray  equipment 
requires  flushing  with  this  solvent.  It  is  good  working  practice  to  periodically  flush  out  spray 
equipment  during  the  course  of  the  working  day.  Frequency  will  depend  upon  factors  such  as 
amount  sprayed,  temperature  and  elapsed  time  including  work  stoppages.  Monitor  material 
condldon. 


In  the  event  welding  or  flame  cutting  is  performed  on  metal  coated  with  this  product,  do  so  in 
accordance  with  instruction  in  ANSI/ASC  249.1  “Safety  in  Welding  and  Cutting.’ 

Prior  to  use,  obtain  and  consult  the  Material  Safe^  Data  Sheet  for  thb  product  coziccrnijag  health 
and  safety  infonnatioiL  Read  and  follow  all  precautionary  oodees  on  the  Material  Safety  Data 
Sheet  and  container  labeL  If  you  do  not  fully  understand  these  warnings  and  inscrucUons  or  if  you 
onnot  sQ'ict^  comply  with  them,  do  not  use  this  product  Proper  vendlaclon  and  proteciive 
iuci5-ures  must  be  provided  during  application  and  diying  to  keep  solvent  vapor  concencradons 
within  safe  Uxnits  and  to  protect  against  toxic  or  oxygen  deficient  hazards.  Acitial  sxifcty  measures 
ate  dependent  on  application  methods  and  work  cnviroiunent. 

Medical  Axfvisoiy  Number  l-600-854-68]3. 


It  is  the  policy  of  International  to  supply  this  product  worldwide.  However  in  certain  countries, 
product  modifications  may  be  required  in  order  to  comply  with  Icgisladoa  or  particular  local 
conditions.  Where  diis  occurs,  an  alternative  sales  code  and  data  sheet  are  used. 
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Regulatory  Data  U  is  a  violation  of  federal  law  to  use  this  product  In  a  manner  inconsistent  with  its  labeling. 

Refer  to  contamcr  label  for  Infomiatiois  concerning  Precatitionai)'  Statemeui??,  DirocUons  for  Use 
and  Storage  and  Diipo&al 


No:  120;  v'\‘ 


y  J,  '.  '  5  6a^ 

’"V'c 

,  C;!'.*’  '  ./,v.  <;  .■ 

■v  ,98,^ 


(iTki  CC!flCiMUl  thi  pfVihidfs}  M  to  dnUt  tol  <IIV  /U^ynl/.  iai  ^ IniimalianaVs  krKmlid^,  Any  xialtm^ls  htran  are  Tioi 

mUniMui^sp^ficmmHimdaticmsarmirantUsqf  anyfn^uci,  amlmafian  ofproductsor/itnmfirfmypo7Urjiktr^rpG:f,Anywtttranl^^  if^vm^orsOffifir 
T^rm  aiui  Q^rulUiffm  of  Ai2r  nrt  c^iairurl  in  /nl#nia</W*o  Term  and  ComlHitms  o/SaU.  iTou  xhould  rt^t  a  copy  (f/ihu  (beujiufril  nnci  irviaui  it  mr^lfy. 

fnUrvirtm  is  a  te^^t/red  trnd^nutdc 


General  Orficodi  6001  Antoine,  Houston,  Texas  770S1 
Tel!  (713)  682-1711 

Medical  Advisory  Nvinbcr  1-800'6546813 
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KlnfernationaL 

Marine  Coatings 


U«r.S 


A*  a  lie  coat  between  epoxy  anticorroiives  and  Intersleek  finish  to  ensure  maximum  system 
performance. 


Phoduct  Owcriiption 


PxocucT  Information 


Afpi.ication 

DfeTAai 


A  three  component  elastomeric  coating. 

Color 

BXA386-LightGray 

Fuiish/Sbeen 

Semi<Jl05s  (ASTM IV523) 

Converter 

BXA390  it  BXA391 

Volume  Solids 

59%  1 2%  (ASTM  D  -  2697) 

MixKado 

0.4:0.5:0.1  by  volume 

Flash  Point 

BXA386  93'F  (34‘’C):  BXAS90  99*F  (37'’C):  BXA391  74'F  (23'C); 

• 

Mixed  pafnt  90'F  (32’C)  (Setaflash)  (ASTM  D.3278) 

Film  Thicicne^ 

4.0  mils  (10^  microns)  dry  specified,  equivalent  to  6.8  mils  (173  microns) 

(SSPOPA2) 

wet 

S-0-5.0  mils  (76-127  microns)  dry  practical  range  equivalent  to  5.1-8.5 
mils  (130-216  microns)  wei 

Theoretical  Covers^ 

237  $q.  ft/gal.  (4,0  mils  (102  microns)  DFL)  Allow  appro pHaie  lossfactoia. 

Method 

Airless  spray  or  brush 

Inducdoo/Sweat-ha  Time 

Not  required 

Tbunner 

GTA007.  Not  normally  retjuired. 

Ckaner 

GTA007 

Pot  Life 

2  hrs  @  50"F  (10“C)/1  hr  O  73T  (23-C)/30  mins  ©  95^F  (35’C) 

Overcoating  Iniervnl  By 

(ASTM£>  (ViSTMo  Intersleek  Finish 

Diyixig  Time  (hours) 

I640  7.5.t)  mo  7.7)  (ASTMl>>m0  7,S) 

Substrate  Tcmpcnimre 

Touch  Handle  Minimum  Maximum 

50'F(10*Q  4  8  12  1  week 

73'F  (23'’C)  2  5  6  1  week 

95'F  (35'C)  13  3  1  week 


RiculaTory  Data 


VOC 


2.8  Ib/gal  (336  g/l)  as  supplied  (EPA  Method  24) 
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Intersleek*  Tie  Coat 

EJtJtomeric  Polymer 


Sm'SMS  AND 
CoNrATlJlLJTY 


Consult  your  International  Representative  for  the  system  best  suited  for  surfaces 
to  be  protected. 


Apply  in  good  weather  when  air  and  surface  temperatures  are  above  irf  (5®C).  Surface 
temperature  must  be  at  least  5°F  (S^C)  above  dew  point.  For  optimum  applicadon  properties, 
bnng  material  to  70-ao“F  (21-27'’C)  temperature  range  prior  to  mixing  and  appUcadon-Unmixed 
material  (in  closed  containers)  should  be  maintained  in  protected  storage  between  40  and  100®F 
(4-3S'’C). 


Care  should  be  taken  to  avoid  overspray  on  to  conventionally  coated  areas. 

All  equipment  must  be  thoroughly  cleaned  prior  to  use  and  before  reuse  with  other  materials,  to 
prevent  contamination. 

Liquids  used  to  clean  up  Interjleek  Tie  Coat  must  not  be  allowed  to  contaminate  other  paints. 

Technical  and  application  data  herein  is  for  the  purpose  of  establishing  a  general  gtiidellne  of  the 
coating  and  proper  coating  application  procedures.  Test  performance  results  were  obtained  in  a 
Controlled  laboratory  environment  and  Intemadonal  makes  no  claim  that  the  exhibited 
published  test  results,  or  any  ocher  tests,  accurately  represent  results  actually  found  In  all  field 
environments.  M  application,  environmental  and  design  factors  can  vary  significantly,  due  care 
should  be  exercised  in  the  selcaion,  verification  of  performance,  and  use  of  the  coating, 

SoRrACE  PkurARATioN  Paint  only  clean,  dry  surfaces.  Remove  all  grease,  oil.  soluble  conLaminants  and  other  detrimental 
foreign  matter  by  ‘'solvent  cleaning*  (SSPC5P1). 

XJnpaintid  surfaces:  Prepare  surface  and  apply  recommended  primer.  Apply  a  coat  of  IntersJeek  Tic 
Coat  as  specified-  (Consult  the  relevant  primer  data  sheet  for  surface  preparation  and  overcoating 
infoniiation.). 
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Intersleek®  Tie  Coat 

Elastomeric  Polymer 


Mixing 


APrUCATtON 


TltlNNINC 


Work  StoRfActs 
AND  CtBANOF 


WV1.0INC 


Safbty 


WORLDWIDE 

AYAILABItITY 


Material  is  supplied  in  3  containers  as  a  unit.  Always  mix  a  complete  unit  in  the  proponions 
supplied.  (1)  Agitate  Pan  AwiUi  a  power  agitator.  (2)  Combine  entire  conienisof  PartA  and  B 
and  mix  thoroughly  with  a  power  agitator;  (5)  Add  entire  contents  of  Pan  C  and  mix  thoroughly 
with  a  power  agitator. 


Apply  by  airless  spray.  Application  by  brush  may  require  more  than  one  coat  and  is  suggested  for 
small  areas  only.  Strain  material  d'jrough  a  minimum  60  mesh  screen  before  application.  Apply  ai 
6.8  mils  (173  microns)  wet  which  will  yield  4.0  mib  (102  microns)  dry  film  Uuckness.  Consult  the 
following  equipment  recommendations  or  utilize  suitable  equal. 

Eqtiipment 

BrUsT^.’Use  appropriate  size  China  bristle  brush. 

Airkss  Spray:  Minimum  28:1  ratio  pump;  .Oir  -.019"  (425^75  microns)  orifice  tip;  S/8"  ID  high 
pressure  material  hose;  60  mesh  tip  filter, 

DO  NOT  THIN  BETOND  YOUR  STATE’S  COMPLIANCY.  Material  b  supplied  at  spray 
viscosity  and  nonnally  does  not  need  thinning.  If  thinning  is  necessary,  thin  up  to  a  maximum  of 
4  ounces  (118  ml)  per  gallon  with  International  GTA007  Thinner, 


Clean  all  equipment  immediately  after  use  with  International  GTA007  Thinner  Spray  equipment 
requires  flushing  with  this  solvenu  It  is  good  working  practice  to  periodically  flush  out  spray 
equipment  during  the  course  of  the  working  day.  Frequency  will  depend  upon  factors  such  as 
amount  sprayed,  temperature  and  elapsed  time  including  work  stoppages.  Monitor  material 
condition.  Do  not  exceed  pot  life  limitations. 


In  tile  event  welding  or  flame  cutting  b  perfonned  on  metal  coated  with  this  product,  do  so  in 
accor<lancc  with  Instruction  in  ANSI/ASC  Z49.1  **Safety  in  Welding  and  Cuuing." 

Prior  to  U5c»  obtain  and  coiiKult  the  Material  Safe^  Data  Sheet  for  this  product  concerxiiog  health 
and  safety  informadoo.  Read  and  follow  all  piecaudoDoxy  notices  on  die  Material  Sofeqr  Data 
Sheet  and  container  label  If  you  do  not  fully  undezatand  these  wuroings  and  instructions  or  if  you 
cannot  sttietly  comply  with  them,  do  not  use  this  product  Proper  ventilation  and  protective 
measures  must  be  provided  during  appheation  and  drying  to  keep  solvent  vapor  concentrations 
vathin  safe  limits  and  to  protect  against  toxic  or  oxygen  deficient  hazards.  Actual  ssS^ty  measures 
are  dependent  on  application  methods  and  work  environment 
Medici  Advlsoiy  Number  l*80O-854-68I3. 

It  is  the  policy  of  International  to  supply  this  product  worldwide.  However,  in  ccruin  countries, 
product  modifications  may  be  required  in  order  to  comply  with  legislation  or  particular  local 
conditions.  Where  tius  occurs,  an  alternative  sales  code  and  data  sheet  are  use<i. 
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Intersleek®  Tie  Coat 

Elastomeric  Polymer 


Unit 

Tltis  pn?dH!]t  can  V  madr  avaiiaiU  in  ntfur  pMk 
Cofifisali  JnUitiatiimai  far  dtUiiU. 

Part  A:  BXA386 
PanB;BXAS90 
Partfc:  BXA391 

Umr  $HirMNC  Weight 
UN  SHtr?INti  No;  ISOS 

Storuce  SheirUFc 

SUift  in  cooit  diy  ccnJitiotis, 


2  Galhn  Unit(S.8t) 


I  Gallon  («ho«t-fiIled) 
HairCkdlon  (shon-fillcd) 
1  Pint  (shon-filled) 

lO.l  Ib  (4.6  kg) 


Six  months  minimum  from  date  of  manufocn^re  when  maintained 
in  protected  storage  at  40-100*F  (4^8*C).  Subject  to  reinspecdon 
thereafter. 


i 

I 


All  icfiwrnt^ms  an,!  slal^«unls  a,\^ing  llu  pr^uetd)  mthiidaUt  ilutl  art  accunU  loffub*sl  (fTnUnuitimars  hiowlcHp.  Am  sUtinvniS  hr.xin  an  net 
Mendti  to  ^  ■nemmetidaliaiu  erwamnlUt  of  anj  pnduri,  amtmaiiott  ^ pnditcis  erJUmufer  any  partieular  purfoM,  Am  UHuranit,  if  liven,  at  tbteiAe 

TarmmdCand^Uemt  e/Sati  anxnuHnal  in  InlamaUanaCt  Tero^and  Cmmie^dof  Sale  Y^shJu  re^i^a^ 


himkek  if  fi  ira^kmxK 


Ccncrdl  600  J  Antoine,  Hou5ron,  Texas  77091 

Ttth  (7iS)  682-1711 

Mi>dical  A<)vi.so*y  Nwnb^  l''800-854-6SlS 


COURTAULDS _ 

COAtINCS 


pisan.i 

5/9fi 
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Intersleek®  Finish 

-r  ~r  1^" "‘-■I  ir  m  ta nf  mm 

Elastomeric  Foul  Release  Coating 


^ClnternationaL 

Marine  Coatings 


INTENDED  U5C5  As  a  biocidc-frcc,  low  surface  energy  foul  release  coating.  Easy  clean  chamctcrisrics.  Particularly 

suited  for  use  on  underwater  hulls  of  aluminum  vessels. 


Product  DescRifTtON  A  three  component  elastomeric  finish  with  excellent  foul  release  cbaracieristics.  Low  VOC. 


Product  iNroRMATiON 


Color 

Fuusb/Sheen 
Converter 
Volume  Solids 
Mix 

Flash  Poiitt 

Film  Tbideness 
<SSPC-PA2) 


Theoretical  Coverage 


BXASie^Hazc  Gray;  BX.\319vBlack 
Gloss 

BXA820  BXA821 
72%  ±  2% 

375  to  1  to  0.25  by  volume 

BXA816  lOl’F  (38°C):  BXA821  78T  (36’C);  BXAS22  77‘F  (25*C):  Mixed 
palin85"F(29*C)  (Setaflash)  (ASTO  D.3278) 

6,0  mils  (152  microns)  dry  specified  equivalent  to  8.3  mil*  (21 1  microns) 
wet 

5.0-7.0  mils  (127-178  microns)  dry  practical  range  equivalent  to  6,9-97 
mils  (175-246  microns)  wet 

102  sq.  fl/gal.  (6.0  mils  (152  microns)  DFT)  Allow  appropriate  loss  facionL 


ArrDCATioN 

DeTAits 


Method 

Inducdon/Sweat-tzi  Time 

Thinner 

Cleaner 

Pot  life 


Airless  spray  or  brush 
Not  required 

GTA007.  Not  normally  required. 

GTA007 

2  hrs  ®  SOT  (10"C)/1  hr  9  73T  (23-C)/50  mins  ®  95T  (35’’C) 


Diying  Time  (hours) 
Substrate  Temperature 


(ASTMD  fASTAtO 

1640  7.5.1)  m0  7J) 

Touch  Handle 


Overcoating  Interval  By 
Self 

7.6) 

Minimum  Maximum 


50T  (lO'C)  8  10  12 

73T  (2S“C)  3  5  6 

95T  (SoX)  13  3  * 


*May  be  overcoated  after  prolonged  exposure  provided  suiface  is  in  good  clean  ootkditivn.  Contact  your 
Inlemational  Representatix)e  for  advice. 


Reoulatory  Bata 


VOC 


2.1  Ib/gal  (254  g/1)  as  supplied  (EPA  Method  24) 
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Finish 

ul  Release  Coating 


Consult  your  IntcmatJonsl  Representative  for  the  system  best  sultcii  for  surfaces 
to  be  protected. 


Apply  in  good  weather  when  air  and  surface  temperatures  are  above  4JT  (5^).  Surface 
temperature  must  be  at  lease  5°F  (3*^0)  above  dew  poinL  For  optimum  application  properties, 
bring  rnatcrial  to  70-80°F  (21-27®C)  temperature  range  prior  to  miJting  and  application.Unmixed 
maieriaJ  (in  closed  containers)  should  be  maintained  in  protected  storage  between  40  and  lOC^F 
(«8°C). 

Care  should  be  taken  to  avoid  overspray  on  to  conventionally  coated  areas. 

AH  equipment  must  be  thoroughly  cleaned  prior  to  use  and  before  reuse  with  other  materials,  to 
prevent  contamination. 

Liquids  used  to  clean  up  Intcrsicek  Finish  must  not  be  allowed  to  contaminate  other  paints. 

Technical  and  application  data  herein  is  for  the  purpose  of  establishing  a  general  guideline  of  the 
coaling  and  proper  coating  application  procedures.  Test  performance  results  were  obtained  In  a 
controlled  laboratory  environment  and  Inicmariona!  makes  no  claim  that  the  exhibited 
published  test  results,  or  any  other  tests,  accurately  represent  results  actually  found  in  all  field 
environments.  As  application,  environmental  and  design  Actors  can  vary  significantly,  due  care 
should  be  exercised  in  the  selection,  verification  of  performance,  and  use  of  the  Coating. 

Paint  only  clean,  dry  surfaces.  Remove  all  grease,  oil,  soluble  contaminants  and  other  deu’imental 
foreign  matter  by  “solvent  cleaning'  (SSPCnSPl), 

Unpainud  surfam:  Prepare  surface  and  apply  recommended  priming  system.  Apply  a  coat  of 
Intcrsleek  Finish  over  Intcrslcck  Tie  Coat  as  specified.  (Consult  the  relevant  primer  data  sheet  for 
surface  preparation  and  overcoating  information,). 
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Intersleek®  Finish 

Elastomeric  Foul  Release  Coatln^^ 


MlXtNC 


Ayi»ucATiON 


Thinning 


Work  SrofFAQEs 

AN1>  CLEANUr 


Vending 


Safety 


Worldwide 

AvaiLaRILitv 


Ma/cnal  is  supplied  in  3  containers  «  a  unit  Always  mix  a  complete  unit  in  the  proponions 
supplied.  (1)  Agiuic  Part  A  wiih  a  power  agitator*  (2)  Combine  entire  contents  of  Fan  A  and  B 
and  mix  thoroughly  with  a  power  agiuton  (3)  Add  entire  contents  of  Pan  C  and  mix  thoroughly 
wiili  a  power  agitator. 


Apply  by  airless  spray.  Application  by  brush  may  require  more  than  one  coat  and  i$  suggested  for 
small  areas  only.  Su^in  material  through  a  minimum  60  mesh  screen  before  application.  Apply  at 
8.3  mils  (211  microns)  wet  which  will  yield  6.0  mils  (152  microns)  dry  Rim  thickness.  Consult  the 
following  equipment  recommendations  or  utilize  suitable  equal. 

Equipment 

Brush:  Use  appropriate  size  China  bristle  brush. 

Minimum  28:1  ratio  pump;  .01 T' -.019“  (425475  microns)  oriHcc  tip;  3/8'^  ID  high 
pressure  material  hose;  60  mesh  tip  filter. 


DO  NOT  THIN  BEYOND  YOUR  STATE'S  COMPLIANCY.  Material  is  supplied  at  spray 
viscosity  and  normally  docs  not  need  thinning.  If  thinning  is  necessary*  thin  up  to  a  maximum  of 
4  ounces  (118  ml)  per  gallon  with  Iniemational  GTA007  Thinner, 


Clean  all  equipment  immediately  after  use  with  International  CTA007  Thinner.  Spray  equipment 
requires  flushing  with  this  solvent  It  is  good  working  practice  to  periodically  flush  out  spray 
equipment  during  the  course  of  the  working  day.  Frequency  will  depend  upon  factors  such  as 
amount  sprayed*  temperature  and  elapsed  lime  including  work  stoppages.  Monitor  material 
condition.  Do  not  exceed  pot  life  limitauons. 


In  the  event  welding  or  flame  cutting  is  performed  on  metal  coated  with  this  product,  do  so  In 
accordance  with  instruction  in  ANSl/ASC  Z49.1  “Safety  in  Welding  and  Culling/ 

Prior  to  use»  obtain  and  consult  the  Material  Safely  Data  Sheet  for  this  pjroduct  concerning  health 
and  $afeqr  infonnatioiL  Read  and  follow  all  precaudonaiy  nodccs  on  the  Material  Safety  Data 
Sheet  and  container  labeL  If  you  do  not  fuU^  undentand  these  warnings  and  instvucUons  or  if  you 
cannot  strictly  comply  with  themp  do  not  use  thU  product.  Proper  ventilation  and  protective 
measTires  must  be  provided  during  application  and  drying  to  keep  volvenc  vapor  coincentratioRS 
within  £afe  Ihnits  and  to  protect  against  toTdc  or  oxygen  deficient  hazards.  Actual  measure 

are  dependent  on  application  methods  and  work  environmenL 
Medical  Advisory  Number  l-80(W5«813. 


It  is  ilic  policy  of  International  to  supply  this  product  worldwide.  However*  in  certain  countricsi 
prwluci  modificaiiojis  may  be  required  in  order  to  comply  witli  legislation  or  particular  local 
conditions.  Where  this  occurs,  an  alternative  sales  code  and  data  sheet  are  used. 
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Intersleek*  Finish 

Elisiom^fic  Foul  Release  CoaUng 


10allcmVrdHX79\) 

1  Gallon  (ahoit-filled) 

1  Quart  (shdrr.fiUcd) 

Half  Pint  (5hort-fiIled) 

8.6  ib  (3.9  kg) 

Six  months  minimum  finom  date  of  manufacture  when  maintatnecl 
in  protected  storage  at  40-100^  (4^8‘'C).  Subject  to  rclnspeciion 
thereafter. 


AU  itJflfSgnUitifW  and  staunfieriLs  cwft?ming  th^f^ucl(s)  in  this  ihta  sheet  art  acainaU  U>th4best  ofintenuztwnars  knrwM^.  Artj  statm^enls  f\a'tin  an  net 
•nieruUd  U>  U  specijlr  mxrttimjfruliaitiru  or  waYmptks  of  any  prodiitt,  ambmaiion  (^invducls  orjitness  for  any  pcrticulor  purposs.  Airy  warrant,  tfgivmt  orspedfic 
Terms  and  Cbndrtirjns  of  Sate  are  amiairuxl  m  Inttmafional^s  Terns  and  CondUhtu  of  Sale,  You  should  request  a  copy  tfihis  document  oiid  U  mnfufy 

hUrsteek  is  a  fTOdemti 


Ofticfs  6001  Antoine,  Houston,  TeNas  77091 
Tel:  (713)  66M711 
Medkal  A<ivt«oiy  Numb«!r 


Unit  SizK 

jYhis  pfidud  can  t»e  made  oPoilabU  in  other  padi  JOBS. 

\  Carmti  hturtutd^juei for  Jektib,  . ,  .  • , 

Pan  A;  BXA816  pr  BXA819 
ParTB;BXA820 
PartC:BXA82l  . 

Unit  SHtrriNO  iViiCKT 
UN  Shipmno  N07  1263 
SToa^ci  Shelf  Ufe 

3ili>rv  in  4ool  dry  ansditiona, 


^ClrAerhot 


PRODUCT  DESCRIPTION 

EPOXY  BAKRIER-KOTE  404/414  is  a  multi-purpose  two  part  epojgi  primer  for  use  above  and  below  the  waterline.  EPOXY 
BARRIER-KOTE  404/414  is  an  excellent  undercoater  for  INTERTHANE  PLUS.  EPOXY  BARRIER-KOTE  404/414  is  used 
as  a  sanding  surfacer  to  smooth  rough  layup  and  to  resurface  cracked  and  crazed  gelcoat.  EPOXY  BARRIER-K^tf.  404/414 
should  also  be  used  over  clear  epoxies  to  eliminate  the  effects  of  amine  blush. 

TECHNICAL  DATA 


NUMBER  OF  COMPONENTS: 

MIXING  RATIO: 

INDUCTION  TIME: 

POT  LIFE: 

COLOR: 

FINISH: 

SOLVENT: 

REDUCTION  LIMIT: 
jwiPE  DOWN  SOLVENT: 

(CLEAN  UP  SOLVENT: 

:  METHOD  OF  APPUCATION: 

Iv.O.C.: 

.VOLUME  SOUDS: 

I  PRACTICAL  COVERAGE: 

RECOMMENDED  APPLIED  THICKNESS: 
■FLASH  POINT: 
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NOTE;  The  coating  thickness  cited  are  those  recommended  by  the  coatings’  manufacturer. 

Trial  samples  were  sprayed  and  tested  with  a  wet  film  thickness  gauge  to  establish  the  desired 
result.  There  was  no  attempt  made  to  verify  the  actual  coating  thickness  applied  to  each  test 
panel  or  pipe.  As  noted  in  the  Appendix  1  report,  the  dry  film  thickness  of  the  coating  on  several 
randomly  selected  specimens  was  determined  after  the  seawater  exposure.  Cross-sectional  views 
of  a  sample  of  each  of  the  three  coating  systems  are  shown  in  Appendix  3,  Figures  6.1  to  6.3. 
Pre-exposure  inspection  of  the  coating  panels  revealed  evidence  of  incomplete  topcoat  coverage 
on  the  edges  of  some  panels.  Examples  are  shown  in  Appendix  3,  Figures  7.1  to  8. 1 . 
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PREFACE 


This  report  is  the  Phase  I  Final  Report  under  DARPA  contract  DAAH01-99-C-R178.  The  report 
summarizes  pertinent  ATR  development  efforts  and  states  the  approach  and  objectives  of  the 
project.  Each  objective  of  this  effort  was  met  or  exceeded  as  related  to  the  original  proposal. 

Mr.  Matthew  E.  Thomas  was  the  project  manager  and  Dr.  John  Bossard  was  the  principal 
investigator  for  CFD  Research  Corporation  (CFDRC).  Valuable  assistance  from  Mr.  John 
Bergmans,  Mark  Ostrander  and  Robert  Myers  of  CFDRC  was  critical  to  program  success.  Dr. 
Kirk  Christensen  supported  selected  ATR  system  model  code  development  and  simulations. 
Valuable  assistance  was  obtained  from  Mr.  Mike  Lloyd  of  Lockheed  Martin  Vought  Systems 
regarding  AFSS  systems.  The  final  typescript  was  accurately  prepared  by  Mrs.  Stephanie 
Cameron. 
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SUMMARY 


The  Air  Turbo  Rocket  (ATR)  engine  concept  was  evaluated  for  use  in  several  DoD  mission  and 
vehicle  concepts  which  have  emerged  from  DARPA  initiatives.  These  missions  and  vehicles 
were  specifically  chosen  because  they  place  severe  constraints  on  currently  available  propulsion 
systems,  such  as  turbojets  and  rocket  motors,  and  may  require  the  use  of  more  innovative, 
higher-performing  propulsion  systems  such  as  the  ATR.  The  numerous  advantages  of  the  ATR, 
such  as  its  high  thrust-to-weight,  high  Isp,  deep  throttling,  and  potential  for  low-cost  fabrication, 
became  obvious  during  these  evaluations,  and  served  to  highlight  the  need  for  this  system. 

Three  basic  missions  were  evaluted:  a  small,  low  cost  anti-cruise  missile  mission,  a  scramjet- 
boost  mission,  and  the  use  of  the  ATR  in  the  Advanced  Fire  Support  System  (AFSS)  concept. 
Details  of  the  mission  simulations  are  reported  in  the  missions  section. 

The  performance  of  the  actual  ATR  engine  was  also  evaluated  in  detail  during  this  Phase  I  effort. 
Two  different  engines  sizes  were  analyzed.  For  the  anti-cruise  missile  and  AFSS  missions,  an 
ATR  which  possessed  a  3-inch  diameter  compressor  was  evaluated,  referred  to  as  the  3-inch 
ATR.  For  the  scramjet-boost  mission,  a  6-inch  ATR  engine  design  was  evaluated.  This  engine 
is  based  on  CFDRC’s  baseline  ATR  demonstrator  engine  which  was  delivered  to  the  U.S.  Army 
AMCOM  in  December  of  1998.  Performance  results  from  these  engines  are  discussed  in  the 
ATR  propulsion  analysis  section. 

Lastly,  the  actual  layout  of  the  ATR  engine  was  considered,  and  resulted  in  the  development  of 
engineering  drawings  for  the  3-inch  engine,  and  the  fabrication  of  a  full-scale  model  of  this 
engine.  The  evaluation  of  cost/producibility  issues  associated  with  the  ATR  engine  was 
initiated,  but  it  quickly  became  obvious  that  without  a  specific  mission  for  the  ATR,  these  issues 
could  not  be  meaningfully  addressed. 

In  summary,  all  tasks  proposed  in  the  original  SBIR  proposal  were  completed,  and  major 
program  objectives  were  met  or  exceeded.  The  major  conclusion  from  this  Phase  I  effort  was 
that  the  ATR  engine  is  an  extremely  promising  candidate  for  next-generation  tactical  missile 
propulsion,  and  further  development  of  ATR  engine  technology  should  be  pursued. 
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1.0  INTRODUCTION 


This  final  report  summarizes  work  completed  on  the  DARPA  Phase  I  SBIR  program  entitled 
“Air-Turbo-Rocket  for  Minimum  Cost  High  Speed  Vehicle  Propulsion”.  The  Phase  I  effort  was 
completed  during  the  time  period  of  4/21/99  through  program  completion  on  10/30/99.  The 
objective  of  this  effort  was  to  ascertain  the  suitability  of  the  Air  Turbo  Rocket  (ATR)  Engine  for 
a  variety  of  tactical  missile  applications,  and  reinvigorate  an  interest  in  the  ATR  for  future 
propulsion  needs. 

2.0  BACKGROUND 

The  Air-Turbo-Rocket  is  an  airbreathing  propulsor  in  which  incoming  air  is  compressed  by  a 
turbine-driven  single  stage  compressor.  In  the  Solid  Propellant  Air  Turbo  Rocket  (SPATR), 
shown  schematically  in  Figure  1,  the  turbine  is  driven  by  the  fuel-rich  gases  from  a  solid 
propellant  gas  generator  (SPGG).  These  gases,  on  exiting  the  turbine,  mix  with  the  compressor 
discharge  air  and  burn  in  a  combustor,  producing  thrust.  Despite  its  inherent  simplicity,  the 
SPATR  offers  a  diverse  array  of  characteristics,  including  high  thrust/weight  (20-100  Lbf/Lbm) 
and  thrust/frontal  area  (1000-10,000  Ib/fE)  ratios,  throttleability,  and  a  wide  speed-altitude 
operating  envelope  such  as  shown  in  Figure  2.  First-order  performance  characteristics  and 
overall  combustor  stoichiometry  of  the  ATR  is  determined  by  the  propellant  used  in  the  SPGG, 
and  the  performance  of  the  turbomachinery.  Liquids  (monopropellants  and  bipropellants), 
solids,  and  hybrids  with  greatly  diverse  properties  can  be  considered  for  use  in  an  ATR,  allowing 
an  engine  to  be  optimally  designed  for  a  given  mission.’^  If  a  liquid  propellant  is  used,  the  gas 
generator  can  be  part  of  the  main  engine  (along  with  a  pump),  or  external.  When  a  solid 
propellant  is  used,  the  gas  generator  is  independent  of  the  main  engine  and  air  flowpath,  with  hot 
gases  entering  directly  into  the  turbine.  This  separation  of  the  gas  generator  from  the  engine  air 
flowpath  allows  considerable  flexibility  in  vehicle  performance  and  configuration. 


ruei  RICH  GO  EFFLUENT 
—  INGESTEO  AIR 
•»«««*  combustor  products/exhaust 


Figure  1.  SPATR  Propulsion  Schematic 
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Figure  2.  Airbreathing  Propulsion  System  Operating  Envelopes 

Although  solids  can  be  more  difficult  to  tailor  and  throttle,  they  offer  simplicity,  reliability,  and 
high  density  and  with  performance  comparable  to  that  available  from  liquids  in  many 
applications.  Since  the  SPATR  does  not  depend  solely  on  the  heating  value  of  the  propellant  to 
generate  good  performance,  a  wide  variety  of  qualified  solid  propellants  could  find  use  in  ATRs. 
In  fact,  for  SPATR  applications  where  Isp  can  be  traded  for  thrust  coefficient  or  engine  weight, 
propellants  may  be  favored  that  have  high  stoichiometric  ratios  with  air  up  to  about  0.3  and 
corresponding  low  heating  values  down  to  about  5000  Btu/lbm.  In  addition,  the  SPATR 
propulsion  system  offers  low  debris  and  plume  signatures  during  mission  operation  as  compared 
to  a  solid  rocket.  This  feature  has  significant  tactical  and  strategic  implications  associated  with 
launch  location  and  corresponding  plume  signature  tracking  for  numerous  military  applications. 

2.1  SPATR  Technology  Advantages 

As  Figure  3  shows,  an  SPATR  can  exhibit  thrust-vs-speed  dependency  in  which  specific  thrust 
rises  sharply  from  dry-turbojet-like  values  below  about  Mach  0.5  to  perhaps  five  times  this  value 
at  Mach  2.  Thrust  may  continue  to  rise  at  higher  speeds,  depending  on  propellant  selection, 
turbomachinery  capability,  burner  stoichiometry,  control  scheme,  etc.  Since  the  fuel  entering  the 
burner  of  an  SPATR  will  consist  of  hot  gases  such  as  hydrogen,  carbon  monoxide,  methane,  and 
ammonia  and  the  combustor  operates  well  above  ram  recovery  pressures,  the  combustor 
performance  of  a  SPATR  at  altitude  can  be  expected  to  be  considerably  superior  to  that  of  a 
ramjet. 


4 


S2()2/3 


FLIGHT  hACH  NO. 


Figure  3.  Typical  Variations  in  Thrust  and  Specific  Impulse  with  Flight  Speed  for  an  SPATR 

Net  Isp  depends  mainly  on  burner  stoichiometry  and  propellant  heating  value,  with  some  flight 
speed  variation  up  to  Mach  2,  beyond  which  it  drops  (Figure  3).  Even  for  propellants  with  rather 
low  heating  values,  the  Isp  can  range  from  500  to  1000  Ibf-sec/lbm.  This  range  is  comparable  to 
the  combined  boost-sustained  Isp  delivered  by  hydrocarbon  ramjet  vehicles.®  Thrust  from 
SPATRs  is  generally  large  enough  such  that  no  boost  propulsion  is  required  in  many  launch 
environments  (including  rail  launch). 

Selection  of  the  propellant  and  compressor  pressure  ratio  (CPR)  are  critical  and  inextricably 
bound  together  in  the  design  of  an  SPATR.  The  CPR,  together  with  secondary  influences  such 
as  compressor  and  turbine  efficiencies,  establishes  the  propellant  flow  required  to  drive  the 
compressor  and,  therefore,  the  propellant/air  ratio  in  the  burner.  The  combustor  temperature  rise 
that  results  from  this  propellant/  air  ratio  must  be  appropriate  to  the  engine  and  flight  envelope 
selected.  For  example,  selecting  a  SPATR  with  a  high  CPR  (e.g.,  4:1)  to  get  high  thrust 
coefficients,  and  a  high  heating-value  propellant  (e.g.,  methane)  to  get  high  Isp,  can  result  in  an 
inferior  overall  propellant/air  ratio.  This  SPATR  would  deliver  excellent  thrust  coefficients,  but 
moderate  Isp,  because  some  of  the  fuel  will  exit  the  nozzle  unburned.  The  designer  may  also 
compromise  on  the  propellant  heating  value  to  gain  somewhere  else,  such  as  propellant  density, 
or  turbine  drive  capability  (low  molecular  weight).  Numerous  system  studies^ and  U.S.  Army 
AMCOM  test  experience"  '%  indicate  that  a  reduction  in  combustor  mixture  ratio  (MRc)  at  a 
constant  combustor  pressure  increases  specific  impulse.  Conversely,  an  increased  MRc  reduces 
Isp  but  increases  available  thrust.  This  trend  is  summarized  from  a  global  aspect  in  Figure  4  and 
is  one  reason  the  SPATR  possesses  the  capability  to  be  implemented  in  a  diverse  array  of 
missions. 
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Figure  4.  ATR  Engine  Performance  Trends 


In  summary.  Table  1  identifies  why  the  ATR  may  be  an  optimum  propulsion  plant  due  to  its 
inherent  flexibility  for  numerous  tactical  missile  as  compared  with  alternative  propulsion 
systems 


Table  1.  Supersonic  Propulsion  System  Tradeoff 


Parameter 

Liquid 

Fueled 

Ramjet 

Ducted 

Rocket 

Turbojet 

Solid 

Rocket 

Motor 

ATR 

Low  Cost  Potential  Relative  to  SRM 

Yes 

Yes 

No 

Yes 

Yes 

Booster  Not  Required 

No 

No 

No 

Yes 

Yes 

Subsonic  Loiter 

No 

No 

Yes 

No 

Yes 

Solid  Propellant  Fuel  Source 

No 

Yes 

No 

Yes 

Yes 

Supersonic  Cruise 

Yes 

Yes 

Yes 

Yes 

Yes 

Excellent  Isp  at  All  Flight  Conditions 

No 

No 

Yes 

No 

Yes 

Turboelectric  Power 

No 

No 

Yes 

No 

Yes 

2.2  Recent  SPATR  Propulsion  Research 

Over  the  years,  numerous  research  studies  have  been  completed  on  the  SPATR;  however,  a 
satisfactory  demonstration  of  a  high-performance  SPATR  has  yet  to  be  completed.  Recent 
research  which  most  directly  relates  to  this  research  is  presented  here  to  assist  in  justifying  the 
activity  completed  during  this  SBIR  effort. 
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2.2.1  U.S.  Air  Force 

The  SPATR  performance  study  summarized  in  Figure  5  focused  on  the  thrust/Isp  tradeoff  in  a  10 
inch  HARM  class  missile  airframe.'^ In  the  estimates  shown  in  Figure  5b  the  influence  of 
different  levels  of  turbomachinery  and  propellant  technology  on  ATR  performance  is 
summarized.  Each  turbomachinery  type  represented  an  available  technology.  The  lowest 
turbomachinery  technology  level  was  associated  with  the  aircraft  starter  industry  which 
combines  nominal  impulse  turbine  blading  with  a  turbocharger  radial  compressor.  The  second 
level  was  turbomachinery  composed  of  a  liquid  rocket  high  impulse  turbine  and  a  turbocharger 
compressor.  The  final  level  of  performance  can  be  achieved  by  combining  a  customized  radial 
flow  compressor  and  impulse  turbine  technology.  The  SPATR  propellants  utilized  in  this  study 
are  briefly  described  below. 

a.  Low  energy  MG-712,  a  well  characterized  Hercules  formulation  currently  used  in 
variable  flow  ducted  rocket  propulsion  systems. 

b.  Medium  energy  ARC428,  an  Atlantic  Research  Corporation  (ARC)  formulation 
incorporating  fluorinated  graphite  and  amorphous  boron  in  a  cross-linked  polystyrene 
matrix  currently  being  refined  for  implementation  in  the  USAF  VFDR  propulsion  system. 

c.  A  high  energy  ARC  formulation  (formulation  designator  not  available)  which  produces 
approximately  60%  gaseous  Hj  and  40%  gaseous  methane  at  the  expense  of  a  very  low 
yield  by  mass  (3-15%  by  mass). 

The  performance  of  this  SPATR  propulsion  configuration  in  the  HARM  and  the  Sparrow  has 
also  been  considered.  The  HARM  trajectory  results  indicate  that  the  use  of  an  H2-generating 
solid  with  a  35%  gas  yield  in  the  SPGG  (realistic  maximum  of  10%)  provides  maximum  range, 
while  ARC428  in  the  SPGG  produces  considerably  higher  flight  Mach  numbers  (up  to  Mach 
3.09)  with  an  excellent  range.  Further  study  has  revealed  that  the  maximum  Hj  yield  is  only 
about  10%,  thereby  making  this  family  of  propellants  unsuitable  for  further  consideration  in  an 
SPATR. 
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b.  Launch  Boost  (3km)  and  Mach  2  Cruise  '(9  Icn)  Perforrance 


Figure  5.  SPATR  Performance  in  a  Ten  Inch  Airframe 

Under  the  scenarios  modeled,  the  results  in  Figure  6  indicate  that  a  solid  propellant  ATR  can 
provide  a  123%  increase  in  range  with  a  94%  increase  in  time  of  flight  (TOF)  in  the  HARM 
compared  to  the  existing  SRM.  These  results  assume  that: 

a.  the  ARC428  gas  generator  grain  is  suitable  as  a  turbine  drive  with  adequate  combustion; 

b.  vehicle  aerodynamics  are  correctly  approximated  (Missile  DATCOM  was  used  to  define 
the  lift  and  drag  coefficients); 

c.  the  flight  assumed  profile  is  practical  for  the  AGM  HARM  mission;  and 

d.  baseline  performance  of  the  HARM  powered  by  a  SRM  is  accurate. 
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RANGE  -  MILE 


Figure  6.  HARM  Trajectory  Results 

The  conceptual  HARM  missile  propulsion  layout  in  Figure  5  shows  all  critical  component 
technologies.  These  components  consist  of: 

a.  an  end  burning  solid  fuel  propellant  formulation  and  assembly  yet  to  be  determined; 

b.  a  solid  grain  burn  pneumatic  actuated  pintle  valve  (currently  perceived  to  be  the  most 
promising  throttling  configuration); 

c.  a  monorotor  configuration  integrating  a  radial  compressor  and  turbine  into  a  single 
assembly; 

d.  a  preliminary  bearing  assembly; 
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e.  swirl  stabilized  combustion  chamber; 

f.  single  or  bifurcated  inlet  for  maximum  pressure  recovery,  minimum  spillage  and  minimal 
effect  on  missile  aerodynamic  stability;  and 

g.  optional  integrated  solid  boost  grain  with  a  frangible  barrier  and  ejectable  boost  nozzle. 

In  the  case  of  the  inlet,  a  quadfurcated  configuration  was  selected  as  a  compromise  between 
weight,  complexity,  propellant  load  simplicity,  cost,  distortion  to  the  compressor,  frontal  area 
and  missile  aerodynamic  stabilization.  Further  turbomachinery  assessment  discussed  in  Sections 
4  and  5  indicates  a  partial  admission  turbine  and  mixed  flow  compressor  offers  the  best 
compromise  on  SPATR  missile  propulsion.  For  the  combustion  chamber,  staging  the  air 
injection  is  anticipated  to  maintain  a  fixed  geometry  combustor  and  provide  stable  operation 
throughout  the  deep  throttling  requirements  between  the  loiter  and  boost  phases. 

2.2.2  LocATR  Study  for  Maverick 

United  Technologies  Corporation  (UTC)  performed  a  conceptual  design  study  of  a  low-cost 
ATR  (LocATR)  engine.^  The  study  assumed  the  use  of  a  solid  fuel  gas  generator  and  was 
focused  on  developing  a  system  featuring  minimum  cost  with  modest  performance  and  life  cycle 
cost  goals.  Figure  7  shows  a  final  conceptual  mechanical  layout  of  the  LocATR.  Overall,  the 
results  were  encouraging  but  lacked  sufficient  detail  to  justify  further  technology  development  at 
the  time.  In  particular,  there  was  insufficient  focus  on  the  technology  interface  between 
propellant  chemistry  and  the  turbomachinery  performance. 


Figure  7.  UTC/CSD  LocATR  Study  Summary 
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Compressor  and  turbine  efficiencies  were  set  at  levels  consistent  with  Pratt  &  Whitney  “near- 
term”  technology  goals,  indicating  a  future  requirement  for  turbomachinery  technology  research 
and  development.  A  truly  minimum  cost  approach  would  have  been  to  use  scalable  performance 
maps  of  existing  turbomachinery  components  and  technology.  This  UTC/CSD  effort 
recommended  the  use  of  a  multi-stage  axial  compressor  to  permit  a  SPGG  tubing  configuration 
down  the  missile  centerline.  Although  this  layout  offers  unique  system  simplicity,  the  severe 
structural  complications  of  a  hollow  drive  shaft  may  preclude  the  possibility  of  this  configuration 
becoming  a  reality.  In  addition,  this  study  failed  to  provide  adequate  direction  for  solid  fuel 
ATR  technology  development  such  as  details  defining  the  solid  fuel  propellant  to 
turbomachinery  interface.  It  continues  to  be  CFDRC's  position  that  with  an  adequate 
propellant/turbomachinery  interface  and  an  effluent  gas  with  acceptable  residual  heat  content,  the 
SPATR  is  a  promising  propulsion  plant. 

2.2.3  U.S.  Army  ATR  Research  Activity 

The  primary  focus  of  this  activity  was  to  define  an  ATR  propulsion  system  of  the  same  thrust 
class  as  the  U.S.  Army  FOG-M,  but  with  roughly  3  times  the  specific  impulse  (Isp)  of  a 
conventional  solid  propellant  rocket  engine."  '-  This  included  preliminary  propulsion  related 
performance  studies  and  demonstration  of  the  ATR  demonstrator  engine  shown  in  Figure  8.  The 
oversized  combustor  is  indicative  of  potential  problems  associated  with  combustion  of  low  heat 
content  fuels  composed  of  hydrogen,  carbon  monoxide,  inert  compounds,  carbon,  and/or  boron 
from  potential  SPATR  engine  propellant  formulations.  This  ATR  demonstrator  engine  has  since 
completed  significant  testing  and  its  performance  well  documented.'^  The  results  of  this  effort 
indicate  a  hydrazine  class  propellant  can  deliver  an  Isp  and  specific  thrust  approaching  600 
seconds  and  100  Ibf-sec/lbm,  respectively. 


Figure  8.  MICOM  ATR  Demonstrator  Engine 
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The  engine  also  demonstrated  full  throttleability  using  a  personal  computer-based  fuel  control 
system  developed  to  provide  closed-loop,  on-demand,  engine  speed  control.  An  extensive 
experimental  evaluation  included  35  successful  firings  with  stable  steady-state  operation 
demonstrated  over  a  rotational  speed  of  19  krpm  to  83  krpm.  Demonstrated  thrust  and  Isp 
ranged  from  16  Ibf  to  343  Ibf  and  445  sec  to  520  sec  with  transient  engine  speed  and  thrust 
responding  nearly  instantaneously  to  changes  in  gas  generator  flow  rate.  The  need  to  develop 
energetic  solid  propellants  with  good  turbine  drive  capability  became  obvious  from  this  effort. 

MICOM  concluded  from  this  effort  that: 

a.  this  level  of  performance  is  quite  remarkable  for  turbomachinery  that  could  be  packaged 
in  a  6.0  inch  diameter  engine  (at  the  time  the  highest  thrust  6.0  inch  turbojet  delivers  70 

IbO; 

b.  realistic  Isp  improvement  to  800  seconds  appears  achievable  with  optimized 
turbomachinery;  and 

c.  major  improvement  in  both  thrust  and  Isp  can  be  made  by  utilizing  a  more  energetic 
propellant  and/or  customized  turbomachinery. 

2.2.4  U.S.  Navy  Studies 

A  recent  NAVSEA  mission,  identified  here  as  the  Long  Look'\  requires  a  gun-launched  missile 
speed  to  a  distant  target  area,  possibly  slow  down  to  look  for  a  target  of  opportunity,  then 
accelerate  to  attack  it.  Athodyds  of  various  types  (solid  fuel  ramjet,  ducted  rockets,  shrouded 
rockets,  etc.)  can  get  to  the  target  fast,  but  cannot  loiter  appreciably;  they  must  maintain  speed  to 
continue  operating.  They  must  also  be  boosted  to  speeds  well  above  acceptable  muzzle  velocities 
before  the  ramjet  phase  can  begin.  Muzzle  velocities  were  limited  to  about  36-  m/s  (1200fps), 
and  a  relatively  large  fraction  of  tbe  vehicle  weight  would  have  to  be  rocket  propellant  to  boost 
to  about  800  m7s  (2700  fps).  The  ramjet  cannot  provide  sufficient  thrust  coefficient  to  loiter  in 
this  type  vehicle  at  subsonic  speeds.  Turbojets  of  0.127-meter  (5  inches)  diameter  have  been 
demonstrated  and  could  provide  loiter  capability,  but  existing  designs  are  intended  for  subsonic 
speeds.  Supersonic  turbojets  have  been  designed  for  missiles,  but  in  sizes  over  0.254-meter  (10 
inches)  diameter.  The  0.127-meter  diameter  limit  would  be  very  challenging  for  a  low  cost 
supersonic  turbojet.  If  such  an  engine  were  available,  the  mission  cold  be  done  with  a  very  small 
(short)  vehicle,  or,  for  a  given  vehicle  length,  a  long  loiter  time  could  be  provided.  However,  the 
average  speed  to  the  target  area  would  be  relatively  low  because  of  the  turbojet’s  limited  thrust 
margin. 

The  SPATR  was  selected  over  rockets,  ramjets  and  turbojets  for  further  consideration  since  it 

a.  has  sufficient  Isp  to  attain  the  ranges  desired; 

b.  can  climb  and  accelerate  from  speeds  near  the  allowable  muzzle  velocity; 

c.  is  simple  with  a  light  rotor  which  can  withstand  the  gun  setback  forces; 
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d.  can  throttle  from  the  Mach  3  cruise  speed  to  loiter  at  a  subsonic  speed; 

e.  requires  only  small  inlets,  which  can  be  packaged  more  easily  than  those  for  turbojets  or 
ramjets;  and 

f.  can  use  a  solid  propellant. 

Figure  9  shows  a  preliminary  version  of  the  concept,  with  weight  breakdown  and  trajectory 
performance  estimates.  The  ATR  propellant  assumed  during  this  assessment  was  an  ammonium 
perchlorate/HTPB  composite  solid  developed  for  ducted  rockets.  It  has  a  moderate  density  and 
heating  value  and  a  stoichiometric  ratio  of  0.138  with  air.  It  permits  the  use  of  a  compressor 
pressure  ratio  exceeding  2.0  (for  good  thrust/frontal  area  and  thrust/airflow)  without  producing 
fuel-rich  exhaust  from  the  ram  burner.  It  has  long  shelf  life,  good  processing  and  handling 
characteristics,  is  throttleable,  and  is  well  characterized.  ATRs  offer  the  best  combination  of 
time-to-target  area  and  loiter  capability,  should  be  cheaper  than  a  supersonic  turbojet,  and  are 
readily  buildable  in  a  0.127  meter  (5  inches)  diameter.  For  this  configuration,  muzzle  momentum 
was  limited  to  27,000  N-s  (6150  Ibf-s).  Higher  muzzle  velocities  may  be  considered,  but  a 
vehicle  designed  for  further  in-barrel  acceleration  increases  would  be  heavier,  and  propellant 
volume  would  be  lost  to  thicker  walls,  with  the  net  gain  in  performance  potentially  very  small. 
The  most  challenging  gun  launch  is  the  5’738,  which  has  the  shorter  length,  and  therefore 
requires  the  greater  in-barrel  acceleration  to  provide  the  desired  muzzle  conditions.  The  average 
acceleration  required  for  the  370  m/s  (1220  f/s)  muzzle  velocity  desired  is  1466  gs;  consequently 
2000  gs  was  used  as  the  acceleration  potentially  contributing  to  a  structural  yield.  Maximum 
length  of  the  assembled  round  (two  “rams”)  is  287  m  (1 13  inches). 


13 


8202/3 


Ffool  VJtw 

(Canardt.  FJoa,  &  Wsl»  Ovpioyad) 


Air-Turborocket-Propelled  “Long-Look"  Vehicle 


WEIGHT  BREAKDOWN  (Itw): 


GuWanc®  and  Cortrof 

2B.3\ 

Muzzle  Vetedty  (Old  &  New  Guns)  1221  fps 

Waft>aad 

Muzzle  Momentum 

6150  Tb-eec 

ATR  Solid  Fuat 

Muzzle  Er>ergy 

5.09  MJouiee 

ATR  Propellant  Casa 

12.0  \ 

Structure  yield  O 

>  2000  gs  setback  In  gun 

Control  Module 

1.5  \ 

JoInt/VnlBl  Assembly 

6.1  \ 

Boost  Thiusi  (Avg) 

3000  Ibf 

ATR  Engine  Mein  Frame  Assy 

2  4  )  Alt  Ram 

Boost  Duratloo 

1.80  sec 

ATR  Engine  Rotor 

2,0  /  95tM 

Afl  Casa.  Nozzle.  &  Fin  Assy 

17.5  / 

Assigned  Gun  Locallort 

Sea  Level 

Obhiralof  Ring 

0.7  / 

Assumed  Gun  Elevation 

45* 

Boost  Propelanl 

24.5/ 

Booster  Burnout 

2318  fps.  Mach  2.06, 3200  R  rml 

Launch  Welghl 

163.0 

Booster  DeUvered  lap 

220  lbi'Bef:4bm 

Boost  Propenant 

^215. 

Boost  Phase  AV 

1095  fpv 

ATR  Takeover 

138.5 

Time  to  Target  O  100  rvn.  M3  O  SOkfl  (no  loHar)  220  nms 

ATR  Sow  Fuel 

•28.3 

totter  Time  over  Tg(  9  15nm  (M0.7. 5M)  331  see 

Bomoul 

110.2 

Figure  9.  Long  Look  Conceptual  Vehicle 


Additional  details  associated  with  the  assembled  round  field  joints  have  been  considered  but  are 
outside  the  scope  of  this  paper.  Payload  and  avionics  weigh  256  and  50  kg  (56  and  12  lbs), 
respectively.  Folding  fins  and  canards  are  used,  and  the  inlet  assembly  consists  of  four 
deployable  scoop  inlets.  The  ATR  ram  burner  will  be  used  to  house  and  integral,  nozzleless 
rocket  booster  to  fully  utilize  the  burner  volume.  The  integral  booster  could  provide  333  m/s 
(1095  fps)  of  incremental  speed,  and  be  ignited  by  the  gun  launch  environment.  (Note  that  while 
ramjet  vehicle  must  have  such  a  booster,  in  the  ATR  it  is  merely  allowable,  no  a  necessity.) 
Whereas  a  comparable  ramjet-propelled  Long  Look  would  use  a  staged,  separable  booster,  the 
ATR  is  single-staged,  and  produces  no  ejects.  The  maximum  range  was  estimated  using  a  cruise 
flight  condition  of  Mach  3  at  an  altitude  of  15,000  m  (50,000  ft).  For  closer-in  targets,  shorter 
times-to-target  are  obtainable  at  lower  altitudes.  Loiter  time  is  also  available  for  closer-in  targets. 
Minimum  loiter  speed  is  about  Mach  0.7  at  1500  m  (5000  ft),  as  is  set  by  the  aerodynamics  of 
the  vehicle,  which  has  a  limited  lift  coefficient  and  an  assumed  maximum  L/D  of  about  2.5.  Over 
5  minutes  loiter  is  feasible  for  targets  25,000  m  (15nm)  out. 
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There  is  a  continuing  need  for  a  supersonic  sea-skimming  target  in  the  Navy'*’  that  is  currently 
being  met  with  existing  hardware  including  Vandals  (modified  Talos  missiles),  AQM-37As,  and 
a  Russian  variant  of  the  SSN-22.  However,  the  ultimate  solution  is  probably  development  of  a 
low-cost  target  vehicle.  An  ATR  or  solid  boosted  liquid  fueled  ramjet  currently  offer  the 
potentially  optimum  compromise  among  the  parameters  summarized  in  Table  1  for  this  target.  In 
the  sea-skimmer  target  under  consideration  here,  launch  weight  is  to  be  minimized,  and  overall 
length  limited  to  4.7  m  (185  inches)  with  a  nominal  diameter  of  36.8  cm  (14.5  inches).  Nominal 
launch  occurs  at  Mach  0.8,  1500  m  (5000  ft)  altitude  from  the  center  station  of  an  F-4.  Higher 
altitude  launches  violate  the  groundrule  that  the  launch  should  be  undetectable  to  the  shooters  at 
sea.  Required  range  is  50  km  (30  nm)  although  83  km  (50  nm)  is  desired.  Minimum  cruise  speed 
is  Mach  2.0  although  Mach  2.5  is  desired. 

The  SPATR-propelled  Sea  Skimmer  concept  vehicle  considered  here  is  shown  in  Figure  10.  The 
airframe  has  a  “V”  tail  for  steering  and  no  wings,  there  being  sufficient  lift  from  fuselage  and  tail 
to  generate  lift  equal  to  weight  at  speeds  down  to  about  Mach  0.7  as  sea  level.  The  payload  is  in 
a  nose  section  weighing  36  kg  (80  lbs)  (including  structure)  and  occupying  49  liters  (3000  cubic 
inches).  This  is  assumed  to  be  packaged  in  a  nose  consisting  of  a  3:1  fineness  ratio  Von  Karman 
ogive  with  a  20%  radius  ratio  blunting  to  provide  a  near-optimum  tradeoff  between  low  wave 
drag  and  high  volume.  The  vehicle  base  area  is  nearly  filled  at  all  times  by  the  exhaust. 

The  conceptual  ATR  presented  here  consists  of  a  single-stage,  axial-flow,  transonic,  wide-chord 
French  compressor  design  which  offers  good  characteristics  for  the  ATR.  This  axisymmetric 
engine  is  under  the  rear  of  the  fuselage  with  a  nose-down  incidence.  The  air  inlet  is  normal- 
shock  smile  with  a  boundary-layer  diverter,  similar  to  that  in  use  on  the  F-16.  Normal-shock 
inlets  appear  to  offer  better  transfonic  airflow  matching  with  lower  spillage  drag  than  multiple- 
shock  inlets  for  this  application.  The  propellant  is  a  high-exponent  (throttleable)  ammonium 
perchlorate/  hydrocarbon  solid  that  yields  a  mixture  of  carbon  monoxide,  hydrogen,  methane, 
and  sub-micron  carbon  as  fuel  species,  with  a  net  heating  value  of  27,800  J/gm  (12,000 
Btu/lbm).  It  is  assumed  to  have  a  density  of  1.3  kg/liter  (0.05  Ibm/cu.in.).  The  end-burning  fuel 
grain  burns  from  the  rear  end  forward,  and  is  throttled  by  a  valve  at  the  outlet  of  the  case.  A 
stress-relieving  liner  accommodates  grain  expansion  and  contraction  with  temperature,  and 
insulates  the  case  walls  from  the  hot  fuel  gases  to  some  extent.  The  aft  end  of  the  case  has  a 
depression  on  the  underside  to  accommodate  the  inlet  duct  and  engine.  The  reduction  of  grain 
burning  surface  in  this  area  reduces  the  fuel  flow  at  the  beginning  of  the  flight  (when  less  fuel 
flow  is  required  by  the  engine),  and  assists  the  throttle  valve  in  reducing  the  effective  throttle  and 
chamber  pressure  range  over  which  it  must  operate. 

Acceleration  from  launch  to  Mach  2  on  ATR  power  alone  requires  over  16  km  (lOnm)  of  range. 
The  propulsive  impulse  required  for  this  acceleration  is  in  effect  wasted.  This  fact,  along  with  the 
availability  of  free  volume  in  the  ram  burner  of  the  ATR,  suggests  that  an  integral  or  separable 
(slide-in)  booster  must  be  considered  to  shorten  the  acceleration  time.  While  total  range  would 
be  shorter,  169  km  (105  nm)  as  opposed  to  over  193  km  (120  nm)  if  unboosted,  the  time  and 
range  on-station  is  improved.  The  weight  breakdown  shows  45  kg  (100  lbs)  allotted  to  an 
optional  booster  located  in  the  ATR’s  could  carry  about  20  kg  (65  lbs)  of  propellant,  and  weight 
approximately  45  kg  (100  lbs).  The  thrust  from  this  motor  would  be  relatively  low,  under  1360 
kg  (3000  pounds),  because  with  an  in-line  exhaust  nozzle,  the  thrust  vector  will  be  offset  well 
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below  the  vehicle  center  of  gravity,  producing  a  large  pitch-up  moment.  Some  of  this  moment  is 
desirable  at  low  speeds  to  establish  the  high  trim  angle-of-attach,  but  must  remain  controllable 
by  the  aero  surfaces.  The  booster  adds  about  100  m/s  (335  f/s)  to  the  launch  velocity,  delivering 
the  vehicle  to  about  Mach  1.1  at  ATR  takeover.  At  this  speed,  the  ATR  will  have  a  large  margin 
of  thrust  over  drag  for  acceleration,  and  the  inlet  can  be  sized  smaller,  reducing  spillage  drag  at 
the  cruise  condition. 
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Figure  10.  SPATR-Propelled  Supersonic  Sea-Skimmer 

2.2.5  Background  Summary 

In  summary,  considerable  research  on  the  utility  of  ATR’s  for  a  wide  variety  of  DoD  missions 
has  been  conducted  not  only  in  recent  years,  but  over  most  of  the  history  of  airbreathing 
propulsion.  A  fundamental  question  is  why  the  ATR  engine  has  never  been  developed  more 
fully.  The  simple  answer  is  that  technology  for  the  ATR  comes  from  both  the  rocket  and  turbojet 
worlds,  and  requires  an  unusual  amount  of  cooperation  and  interaction  to  develop  such  a  cycle. 
This  has  been  perhaps  the  biggest  single  reason  as  to  why  ATR  development  has  languished. 
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Thus,  a  fundamentally  motivating  force  behind  the  development  work  conducted  during  this 
SBIR  project  is  to  see  that  the  great  potential  of  the  ATR  is  ultimately  realized. 

3.0  PHASE  I  TECHNICAL  OBJECTIVES 

CFDRC’s  main  Phase  I  objective  was  to  offer  DARPA  the  flexibility  to  select  an  advanced  ATR 
system  development  program  that  best  corresponds  to  current  fiscal  funding  levels  and 
development  priorities.  The  feasibility  of  using  CFDRC’s  low  cost  ATR  propulsion  concept(s) 
in  affordable  DARPA  high-speed  air  vehicle  concepts  in  order  to  maximize  range,  minimize 
time-to-target  and  cost  (procurement  and  recurring),  while  increasing  available  payload,  was  thus 
evaluated.  Ultimately,  ATR  low  cost  and  minimal  technical  risk  will  be  attained  through 
maximum  implementation  of  existing  high  volume  commercial  gas  turbine  and  rocket  propellant 
component  manufacturing  operations.  During  Phase  I,  design  and  specification  of  the  critical 
propulsion  components  and  subcomponents,  with  supporting  mission  analysis  and  cost  was 
completed.  This  included  ATR  performance  comparisons  to  other  propulsion  plants  under 
consideration  for  multiple  DARPA  high-speed  air  vehicle  concepts. 

CFDRC  has  attempted  to  provide  a  well-balanced  approach  to  aggressively  and  innovatively 
meet  the  challenges  of  both  high  speed  vehicle  boost  operations  as  well  as  ultra  low  cost,  flexible 
tactical  missiles  through  the  validation  of  ATR  propulsion  system  technology  readiness.  Our 
approach  ensures  comprehensive  advanced  ATR  subsystem  demonstration  because  we  draw 
upon  CFDRC  ATR  experience  in  advanced  propulsion  design,  analysis  and  testing.  In  addition, 
our  Propulsion  Team  expertise  in  the  design  and  high-volume  manufacturing  of  low-cost,  high- 
reliability  turbine  and  rocket  engines  has  enabled  the  integration  of  a  sound  research  and 
development  base  in  advanced  propulsion  system  disciplines. 

4.0  MISSION  EVALUATION 

As  stated  in  the  original  proposal,  CFDRC  began  the  mission  evaluation  by  considering  four 
vehicle/propulsion/mission  studies:  1)  ATR-boosted  Scramjet,  2)  the  Advanced  Fire  Support 
System  (AFSS),  3)  Low  Cost  Cruise  Missile  Defense  (LCCMD),  and  4)  Micro  Air-Launched 
Decoy  (MALD).  Evaluation  of  each  of  these  missions  is  detailed  in  the  following  corresponding 
sections.  During  this  Pha.se  I  effort,  vehicle/propulsion-  /trajectory  analyses  associated  with 
MALD,  AFSS,  and  AARMD  boost  missions  were  completed  using  CFDRC’s  commercial 
GEMA  (Global  Engine  Mission  Analysis)'"  software. 

During  the  mission  evaluations,  CFDRC  initiated  interaction  between  itself  and  major  vehicle 
primes  in  an  attempt  to  generate  interest  and  eventual  support  for  the  use  of  the  ATR  engine  in 
DARPA-sponsored  programs  that  are  currently  underway. 

4.1  Scramjet  Boost 

To  evaluate  the  use  of  the  ATR  for  a  scramjet  boost  application,  the  basic  mission  definitions 
associated  with  the  Advanced  Rapid  Response  Missile  Demonstrator  (ARRMD)  concept  were 
used  based  on  what  few  assumptions  could  be  obtained  in  the  open  literature.  The  baseline 
missile  concept  consists  of  a  .set  of  rocket  booster  engines  which  boost  the  missile  to  flight 
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speeds  at  which  a  scramjet  engine  can  begin  to  function.  After  the  scramjet  engine  is  turned  on, 
it  accelerates  the  vehicle  to  a  Mach  6  cruise  condition.  The  Vehicle  then  files  for  650  miles  and 
delivers  a  250  Ibm  payload  to  the  target. 

The  analysis  began  by  invoking  Breguet’s  range  equation  to  back  out  the  total  mass  of  the 
vehicle  system  at  the  start  of  the  scramjet  boost  function  based  on  the  previous  mission 
assumptions  and  the  vehicle  assumptions  given  below: 


Range  = 


•  L„  •  u  •  In 

sp 

IHf 

V  ^  J 

Where 


is  the  lift-to-drag  ratio  of  the  vehicle  at  the  mean  flight  velocity,  kp  is 


impulse  of  the  scramjet  engine,  u  is  the  mean  flight  velocity,  m,  is  the  vehicle  mass 
start,  and  mf  is  the  vehicle  mass  at  scramjet-burnout.  Assuming: 


the  specific 
at  scramjet- 


mf 

u 

Range 


=  350  Ibm 
=  6600  ft/sec 
=  650  stat.  Miles 

=  0.5  for  the  scramjet  vehicle  at  Mach  6 


Solving  for  mi  yields  a  value  of: 


mi  =  550  Ibm 


This  mass  thus  repre.sents  the  final  mass  for  the  vehicle  system  at  the  end  of  the  ATR-boost 
phase.  Using  CFDRC’s  GEMA  (Global  Engine  Mission  Analysis)  code,  the 

vehicle/engine/mission  definition  was  input,  and  the  trajectory  analysis  run.  The  ATR  engine 
performance  was  determined  using  CFDRC’s  current  baseline  6-inch  ATR  engine  configuration. 
A  summary  of  the  design-point  definition  and  operating  conditions  for  this  engine  is  found  in 
Appendix  A.  The  master  data  file  for  the  ATR  engine  off-design  operating  conditions  are  found 
in  Appendix  B.  These  files  form  the  so-called  engine  performance  maps  for  the  ATR.  During 
vehicle  operation,  these  maps  are  queried  to  determine  engine  thrust  and  propellant  mass  flow  as 
a  function  of  flight  speed,  altitude,  and  rpm  during  the  trajectory  simulation.  The  trajectory 
simulation  as.sumed  the  following  launch  and  mission  conditions: 


Launch  velocity: 
Launch  Altitude: 
Engine  operation: 
Cruise  altitude: 


Mach  0.8 
10,000  ft 

100%  speed  throughout  flight 
20,000  ft 


The  vehicle  aerodynamics  were  assumed  to  be  those  of  the  HARM  missile,  with  a  mil  standard 
inlet.  Based  on  these  constraints  and  the  engine  performance  maps,  the  amount  of  on-board 
propellant  was  iterated  so  as  to  allow  the  vehicle  to  achieve  Mach  4.0  flight  speed  prior  to  ATR- 
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propellant  depletion.  Using  this  approach,  it  was  found  that  an  ATR-boosted  vehicle  carrying  a 
550  Ibm  payload  would  need  to  weigh  about  1 150  Ibm  at  its  launch  condition.  This  total  vehicle 
weight  includes  the  ATR  booster  engine,  ATR  propellant,  and  550  Ibm  payload.  When  the 
overall  vehicle  reached  the  end  of  the  ATR-boost  phase,  it  was  assumed  that  the  ATR  booster 
section  was  jettisoned,  and  the  scramjet  engine  was  then  started,  boosting  the  vehicle  to  its  Mach 
6  cruise  condition. 

Figure  1 1  shows  the  altitude  and  Mach  number  of  the  vehicle  as  a  function  of  time  throughout 
the  flight  trajectory. 
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Figure  11.  Altitude  and  Mach  Number  for  the  ATR-boosted  ARRMD  Vehicle 

As  can  be  seen  in  this  figure,  the  flight  mach  number  begins  to  rapidly  increase  once  the  vehicle 
reaches  its  cruising  altitude. 

The  vehicle  masses  and  weights  are  summarized  as  follows: 

Initial  Launch  Mass:  1 146  Ibm 

ATR  Burnout  Mass:  550  Ibm 

ATR  Propellant  Mass:  596  Ibm 

ATR  Engine  Mass:  50  Ibm 

Payload  Mass  500  Ibm 

The  mission  and  vehicle  performance  assumptions  served  as  a  starting  point  for  conducting  this 
calculation,  and  may  not  represent  the  actual  ARRMD  system.  If  more  accurate  or 
representative  assumptions  can  be  provided,  this  mission  can  be  re-mn,  but  it  is  unlikely  to 
change  the  fundamental  conclusion  that  the  use  of  the  ATR  as  an  ARRMD  boost  engine  will 
provide  a  considerable  reduction  in  initial  launch  weight. 
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4.2  AFSS 


For  consideration  of  the  ATR  for  the  AFSS  system,  CFDRC  initiated  an  interaction  between 
itself  and  Lockheed  Martin  Vought  (LMV)  Systems,  located  in  Dallas,  Texas.  Currently,  LMV 
is  one  of  two  vehicle  primes  who  are  developing  missile  concepts  for  AFSS.  After  initiating 
contact,  more  detailed  interaction  resulted  in  the  exchange  of  information. 

LMV  provided  simplified  constraints  as  to  their  current  vehicle  configuration,  which  included 
approximate  vehicle  launch  weights,  and  envelope  dimensions.  The  basic  vehicle  constraints  are 
shown  in  Figure  12. 

Secondly,  they  provided  flight  profiles,  or  missions,  which  they  had  identified  as  of  particular 
interest  to  them,  and  which  might  showcase  the  performance  benefits  provided  by  the  ATR 
engine.  The  requested  flight  profiles  were: 

1.  Vertical  Launch,  climb  to  1000  ft  altitude,  cruise  at  Mach  0.2  for  15  km,  determine  loiter 
time  using  remaining  fuel; 

2.  Vertical  Launch,  climb  to  1000  ft  altitude,  cruise  at  Mach  0.2  until  fuel  depletion, 
determine  maximum  range;  and 

3.  Vertical  Launch,  climb  to  1000  ft  altitude,  cruise  at  Mach  0.7  until  fuel  depletion, 
determine  maximum  range. 

Based  on  these  missions  and  the  computed  performance  of  the  ATR  engine,  the  performance  of 
an  ATR-powered  AFSS  missile  could  be  determined  and  compared  with  alternate  propulsion 
systems. 


Figure  12a.  LMV  AFFS  Envelope  Constraint 

Baseline  LAM: 

Missile  Length  =  51  in. 

Diameter  =  7.0  in. 

20  «2(I2/.'! 


Launch  Weight  =  85  lb  (max) 

Non  Propulsive  Weight  =  45  lb 
Cg  at  missile  center  (STA  =  25.5  in.) 

(Weight  available  for  SPATR  and  fuel)  =  40  lb 
Boost  Thrust  =  360  -  480  Ibf 

Figure  12b.  LMV  Overall  Constraints 

Based  on  the  LMV  mission  profiles,  the  missile  performance  of  an  ATR-powered  AFSS  was 
evaluated,  and  compared  against  a  pintle  motor,  powering  the  same  missile  geometry  and 
mission  profile.  Two  candidate  ATR  configurations  were  considered,  and  are  discussed  in  more 
detail  in  section  "Task  3  Layout  Studies".  The  two  ATR  configurations  consisted  of  a  volume- 
constrained  and  a  weight-constrained  layout.  These  two  ATR  configurations  were  compared 
against  a  pintle  motor  geometry,  details  of  which  are  also  discussed  in  section  "Task  3  Layout 
Studies". 

A  summary  of  the  mission  profiles  flown  is  shown  in  Table  2. 

Table  2.  Mission  Summary 

•  Boost  Thrust  200  Ibf  Isp  =  800  sec 

Cruise  Thrust  60  Ibf  Isp  =  760  sec 

•  Horizontal  Cruise  Profile  [TOW-2  Aero  with  7"  Ref.  Dia.] 

Vertical  Launch 

Boost  for  7-9  sec 

Cruise  at  1000'  until  Burn-out 

Ballistic  until  Impact 

•  Boost-Glide  Profile  [AFSS  +  Wing  Aero] 

Boost  until  Burn-out 

Y  Commanded  60  deg  to  Burn-out 

Y  Commanded  -5  deg  until  Impact 


Based  on  the  respective  engine  performance  and  mission  constraints,  both  ATR  configurations 
showed  superior  range  performance.  In  Figure  13  can  be  seen  the  respective  ranges  achieved  by 
the  volume-constrained  and  weight-constrained  ATRs  and  the  pintle  motor.  As  can  be  seen,  the 
ATRs  were  able  to  fly  nearly  twice  as  far  as  the  pintle  motor. 
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Figure  13.  Comparison  ofATR  with  Nominal  Pintle  Motor  for  Cruise  Missions 


An  additional  mission  profile  was  also  analyzed  using  the  ATR  configurations  and  the  pintle 
motor.  This  mission  featured  a  boost-glide  flight  profile,  in  which  the  engine  boosts  the  vehicle 
up  at  a  45  degree  angle  where  it  continues  to  climb  until  fuel  depletion.  At  this  point,  a  glide- 
type  wing  on  the  vehicle  is  deployed,  and  the  vehicle  noses  over  and  maintains  a  constant  alpha, 
or  pitch  angle,  during  a  long  glide  phase.  Using  this  mission,  the  ATR  powered  vehicle  was  able 
to  obtain  some  extraordinarily  long  ranges.  As  shown  in  Figure  14,  using  the  boost-glide 
approach,  the  ATR  powered  missile  was  able  to  achieve  nearly  250  km  of  range  for  the  weight- 
constrained  ATR,  and  almost  140  km  or  range  with  the  weight-constrained  system.  The  pintle 
powered  vehicle  only  achieves  around  50  km  maximum  range.  This  large  increase  in  range  is 
achieved  by  the  ATRs  largely  because  of  the  much  longer  time  in  which  the  propulsion  system  is 
making  thrust  relative  to  the  pintle  motor.  This  longer  thrust  time,  in  turn,  is  a  result  of  the  fact 
that  the  specific  impulse  of  the  ATR  is  much  higher  than  that  of  the  pintle  motor,  which  has,  at 
best,  only  the  specific  impulse  of  a  solid  propellant  rocket.  Thus,  for  a  given  thrust  much  less 
propellant  is  required  to  be  burned  to  produce  a  given  amount  of  thrust.  For  a  specified  amount 
of  on-board  propellant,  this  translates  into  a  longer  burn  time.  In  Figure  14,  fuel-depletion 
occurs  just  slightly  before  the  vehicles  reach  the  apogee  of  their  flight  trajectory. 
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AFSS  Mission  Fly-Outs 


Figure  14.  Comparison  of  ATR  with  Nominal  Pintle  Motor  for  Boost-Glide  Mission 

A  summary  of  the  pintle  motor  mission  profiles  is  shown  in  Table  3.  A  summary  of  the 
maximum  ranges  achieved  for  all  three  systems  for  the  cruise  and  boost-glide  missions  is  shown 
in  Table  4. 


Table  3.  Assumed  Pintle  Motor  Mission  Profiles 

Available  Weight  of  Propellant  =  25  lbs 
Two  Thrast  Levels 

Boost  600  Ibf  Isp  =  245 

Sustain  60  Ibf  Isp  =190 

Horizontal  Cruise  Profile  [TOW-2  Aero  with  7"  Ref.  Dia.] 

Vertical  Launch 
Boost  for  5  sec 

Cmise  at  1000'  Altitude  until  Burn-out 
Ballistic  until  Impact 

Boost-Glide  Profile  [AFSS  +  Wing  Aero] 

Boost  until  Burn-out  (t  =  10.25  sec) 
y  ~  67  deg  at  Burn-out 
y  Commanded  -5  deg  until  Impact 


23 


S2()2/3 


Table  4.  Mission  Performance  Summary 


Mission 

ATR  Volume- 
Constrained 

ATR  Weight- 
Constrained 

Pintle 

Motor 

Horizontal  Cruise 

24  km 

40  km 

13.2  km 

Boost/Glide 

137  km 

237  km 

50  km 

4.3  Low  Cost  Cruise  Missile  Defense  (LCCMD) 

An  ATR-powered  missile  would  be  an  excellent  propulsion  system  for  a  vehicle  tasked  with  the 
acquisition  and  pursuit  of  a  cruise  missile  from  the  rear.  The  rear  chase  would  allow  the  use  of 
an  extremely  low-cost  infrared  seeker.  The  operational  plan  would  be  for  the  missile  to  be 
launched  in  the  general  path  of  an  incoming  cruise  missile  and  then  loiter  until  the  target  flies 
past  and  the  hot  engine  exhaust  becomes  visible.  In  order  to  overtake  from  the  rear,  the 
propulsion  system  would  need  to  be  able  to  quickly  throttle  up  and  generate  enough  thrust  to 
overtake  the  target  after  a  short  chase  ,and  thus,  destroy  it. 

This  mission  scenario  is  illustrated  in  Figure  15.  The  missile  used  in  this  engagement  was 
powered  by  an  ATR  with  a  3-inch  engine  diameter.  This  engine  is  capable  of  supplying  in 
excess  of  250  lbs.  of  thrust  at  flight  speeds.  The  interceptor  is  assumed  to  be  flying  at  Mach  0.7 
and  the  target  crosses  at  right  angles  at  a  distance  of  10  miles  and  a  speed  of  Mach  0.7.  This 
corresponds  to  the  first  point  at  which  a  loitering  missile,  flying  in  a  circular  orbit,  would  be  able 
to  see  the  target.  The  engine  throttles  up  and  the  missile  accelerates  to  between  Mach  0.9  and 
Mach  1.1,  depending  on  the  vehicle  aerodynamics.  The  engagement  was  flown  using  both 
TOW2  and  AMRAAM-type  aerodynamic  coefficients,  and  the  results  differ  considerably.  The 
low  drag  vehiele  overtakes  and  destroys  the  target  after  a  lateral  chase  of  10.3  miles  and  using 
slightly  more  than  20  pounds  of  propellant.  The  higher  drag  missile  requires  13.6  miles  distance 
to  overtake  and  uses  approximately  26  pounds  of  propellant. 
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Figure  15.  ATR-Powered  Supersonic  MALD  Offers  Enhanced  Cruise  Missile  Intercept 
Capabilities  at  Long  Stand-Off  Ranges 


Under  optimal  conditions,  it  may  be  possible  to  engage  an  enemy  cruise  missile  in  this  manner  at 
ranges  exceeding  50  miles.  This  assessment  is  based  on  the  previous  end  game  calculations,  plus 
cruise  to  acquisition  point  at  a  specific  impulse  of  800  seconds  and  Mach  0.7.  Since  the  ATR 
engine  is  smaller  and  lighter  than  a  comparable  turbojet,  such  as  the  Sundstrand  TJ50  (14  lb. 
compared  to  21  lb.),  a  greater  mass  of  propellant  can  be  carried  in  the  equivalent  fuel  tank 
volume.  This  is  due  to  the  higher  density  of  the  ATR  propellant  versus  liquid  JP-8  fuel,  a  factor 
of  1.8  times  denser. 

4.4  MALD 

This  section  discusses  CFD  calculations  performed  to  evaluate  the  use  of  an  ATR  engine  in  a 
Micro  Air  Launched  Decoy  (MALD)  vehicle.  The  engine  size  selected  for  integration  was  the 
3-inch  ATR  engine,  the  performance  of  which  given  in  section  5.1,  and  tabulated  in  Appendix  A. 
With  the  ATR  engine  length  of  approximately  20  inches,  this  means  that  the  fan  face  and  hence 
the  end  of  the  inlet  duct  is  about  65.9  inches  aft  of  the  vehicle  nose.  The  inlet  thus  comes 
forward  from  that  position. 

Several  simulations  were  performed,  for  different  configurations  and  at  two  speeds.  The  higher 
speed  was  at  Mach  3  and  the  low  .speed  condition  was  approximately  Mach  0.5.  The  first  model 
was  of  a  two-dimensional,  external  compression  inlet  designed  for  the  high-speed  condition.  A 
representation  of  the  flowfield  is  shown  in  Figure  16. 
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Figure  16.  Mach  Number  from  2D  Simulation  ofMALD  Vehicle 


A  detail  of  this  flow  field  is  shown  below  for  the  inlet  region.  It  can  be  seen  that  the  inlet  is  an 
external  compression  type,  with  two  ramps.  The  fixed-geometry,  external  compression  type  was 
selected  for  the  sake  of  simplicity.  A  feature  of  note  on  this  design  is  the  sharp  cowl  leading 
edge. 


Figure  17.  Detail  of  Inlet  Region  from  High-Speed  Simulation 


This  inlet  can  also  be  operated  at  subsonic  speeds,  as  shown  in  Figure  18.  A  difference  from  the 
first  configuration  is  that  the  subsonic  diffuser  was  lengthened  and  the  duct  area  expansion  was 
made  more  gradual.  This  reduced  the  separation  in  the  duct  along  the  top  wall  to  a  great  extent, 
although  it  could  still  be  improved. 
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Figure  18.  Operation  at  Low  Speed  Flight  Condition 


It  was  found  that  at  some  low-speed  conditions,  separation  would  occur  behind  the  sharp  cowl 
leading  edge.  It  was  thought  that  an  inlet  for  a  maneuvering  missile  over  the  speed  range  of 
interest  might  need  to  be  a  compromise  between  high  and  low-speed  designs.  Several 
configurations  were  examined  in  which  the  cowl  leading  edge  was  changed  in  both  shape  and 
position.  The  leading  edge  was  blunted  to  an  elliptical  shape  and  oriented  more  horizontally. 
This  design  is  shown  in  Figure  19. 


Figure  19.  Inlet  Design  Incorporating  Modified  Cowl  Leading  Edge 

Overall  these  design  concepts  represent  an  initial  evaluation  of  the  ATR  integrated  into  a 
MALD-type  vehicle.  Based  on  these  preliminary  results,  the  ATR  appears  to  offer  superior 
speed  and  acceleration  performance  over  that  of  a  turbojet.  It  is  also  probable  that  the  ATR  will 
exhibit  considerably  less  sensitivity  to  inlet  distorsion  and  inlet  off-design  operation,  however, 
this  advantage  will  require  further  analysis. 
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5.0  ATR  PROPULSION  ANALYSIS 
5.1  Three-Inch  ATR 


Based  on  our  baseline  ATR  engine,  an  analysis  of  an  ATR  propulsion  system  which  could  be 
scaled  to  a  size  appropriate  for  the  AFFS  was  undertaken.  Using  our  ATR  engine  models,  our 
baseline  6-incb  ATR  engine  was  scaled  to  approximately  a  3 -inch  ATR  size,  where  the  quoted 
dimension  refers  to  the  maximum  diameter  of  the  mixed  flow  compressor.  This  resulted  in  a 
small,  compact  ATR  configuration  capable  of  producing  nearly  200  Ibf  of  thrust  at  static 
conditions.  A  summary  of  the  3-inch  ATR  design’s  operating  conditions  is  shown  in  Table  5. 


Table  5.  Three-Inch  SFATR  Design  Point  Performance 


Propellant 

428 

Air  flow 

1.53  Ib/s 

Compressor  pressure  ratio 

3.79  t-t 

Gas  generator  flow 

.28  Ib/s 

Turbine  inlet  pressure 

705  psia 

Turbine  inlet  temperature 

2340  °F 

Turbine  pressure  ratio 

11.0  t-t 

Combustor  AP 

10%  t-t 

Equivalence  ratio 

1.23 

Static  thrust 

193  Ibm 

Specific  impulse 

717s 

Using  this  set  of  baseline  parameters,  engine  performance  maps  could  be  computed.  The 
performance  maps  supply  the  engine’s  computed  thrust  and  specific  impulse  as  a  function  of 
engine  rpm,  flight  mach  number,  and  flight  altitude.  Within  CFDRC’s  Global  Engine  Modeling 
Analysis  (GEMA)  code,  these  performance  maps  are  automatically  supplied  to  the  trajectory 
calculation  routines. 

Figure  20  shows  the  predicted  specific  impulse  performance  of  the  3-inch  ATR  engine  at  sea 
level  altitude,  using  the  ARC  428  propellant.  One  of  the  significant  features  illustrated  is  the 
relatively  flat  Isp  over  its  throttling  range,  i.e.  the  gas  mileage  stays  relatively  constant  whether  at 
full  power  or  partial  power  settings.  This  trend  changes  moderately  at  the  higher  flight  speeds. 
It  should  be  noted  that  this  characteristic  is  very  different  for  turbojet  engines,  which  show 
considerable  variation  on  engine  specific  impulse  over  their  respective  throttling  range.  This  flat 
Isp  curve  of  the  ATR  is  a  more  subtle,  yet  still  significant,  characteristic  of  the  ATR  engine. 
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Flight  Mach  No. 
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Figure  20.  Engine  Specific  Impulse  as  a  Function  of  Engine  Speed  and  Flight  Mach  Number, 
at  Sea  Level  Altitude 


In  Figure  21,  the  net  thrust  of  the  3-inch  ATR  engine  is  shown  at  sea  level  altitude.  For  a  given 
flight  speed,  the  engine  thrust  is  essentially  linear  with  engine  speed.  The  thrust  calculations 
shown  here  do  not  demonstrate  the  deep  throttling,  i.e.,  large  turndown  ratio,  that  the  ATR 
engine  is  actually  capable  of.  Previous  engine  testing  has  demonstrated  ATR  turndown  ratios  in 
excess  of  20-to-l.  For  the  calculation  results  shown  here,  the  minimum  thrust  computed  is 
established  by  the  data  available  from  the  turbomachinery  performance  maps.  The  performance 
maps  which  describe  our  current  compressor  do  not  extend  below  about  77%  engine  speed, 
which  results  in  a  computational  limit  on  computed  thrust  rather  than  an  actual  limit.  For  these 
lower  thrust  levels,  it  is  appropriate  to  merely  linearly  extrapole  from  the  existing  values  to  the 
lower  engine  speed  values. 
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Figure  21.  Engine  Net  Thrust  as  a  Function  of  Engine  Speed  and  Flight  Mach  Number,  at 
Sea  Level  Altitude 


An  overall  performance  map  of  the  current  engine  can  be  ascertained  from  Figure  22,  which 
shows  net  engine  thrust  as  a  function  of  flight  Mach  number  and  altitude,  all  at  100%  engine 
speed.  Thus,  even  at  static  conditions,  the  relatively  small  3-inch  ATR  engine  should  provide 
nearly  200  Ibf  of  thrust. 
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Figure  22.  Engine  Net  Thrust  as  a  Function  of  Mach  Number  and  Altitude,  at  100%  Engine 
Speed 


A  map  of  the  engine’s  Isp  as  a  function  of  flight  Mach  number  and  altitude  displays  a  slight 
reduction,  or  dip,  in  their  Isp  performance  at  the  lower  flight  speeds,  but  which  subsequently 
increase  to  a  local  extremum  before  dropping  off  again.  These  features  result  from  the 
competition  between  ram  drag  and  pressure  recovery  effects  and  their  relative  influence  on  the 
resulting  Isp. 

The  ATR  engine  codes  compute  numerous  other  engine  parameters,  such  as  gas  generator 
pressure,  combustor  stoichiometry,  etc.  A  complete  summary  of  the  engine  parameters  is 
tabulated  in  Appendix  A. 

5.2  Six-Inch  ATR 

Additional  propulsion  analysis  was  conducted  to  obtain  engine  performance  maps  for  the 
baseline  6-inch  ATR  when  used  in  the  scramjet-boost  vehicle.  This  required  the  inclusion  of  an 
inlet  definition  to  use  with  the  engine  performance.  For  this  analysis,  the  mil-standard  inlet  was 
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used.  The  baseline  6-inch  ATR  performance  at  static  conditions  is  summarized  in  Table  6  for 
the  ARC-428  propellant,  which  was  baselined  for  the  missions  analyzed  here,  and  the  ARC-246, 
which  is  a  lower  performance,  clean-burning  solid  propellant. 


T able  6.  Summary  of  6-inch  ATR  Engine  Performance 


Propellant 

246 

428 

Air  flow 

5.0  Ib/s 

5.0  Ib/s 

Compressor  pressure  ratio 

4.0  t-t 

4.0  t-t 

Gas  generator  flow 

1.34  Ib/s 

.95  Ib/s 

Turbine  inlet  pressure 

630  psia 

532.6  psia 

Turbine  inlet  temperature 

2000°  F 

2340°  F 

Turbine  pressure  ratio 

10.0  t-t 

8.0  t-t 

Combustor  AP 

10%  t-t 

10%  t-t 

Equivalence  ratio 

0.85 

1.26 

Thrust 

794  Ibf 

746  Ibf 

Specific  impulse 

597  s 

783  s 

Using  this  set  of  baseline  parameters,  engine  performance  maps  could  be  computed.  The 
performance  maps  supply  the  engine’s  computed  thrust  and  specific  impulse  as  a  function  of 
engine  rpm,  flight  mach  number,  and  flight  altitude.  Within  CFDRC’s  Global  Engine  Modeling 
Analysis  (GEMA)  code,  these  performance  maps  are  automatically  supplied  to  the  trajectory 
calculation  routines.  The  complete  engine  performance  maps  for  design  and  off-design 
conditions  are  contained  in  Appendices  B  and  C. 

6.0  LAYOUT  STUDIES 

6.1.  Scramiet  Boost 

Based  on  the  6-inch  ATR  engine  as  its  associated  gas  generator  and  packaging  requirements,  a 
scramjet  boost  configuration  was  conceptualized.  This  configuration  uses  an  in-line  ATR  engine 
and  gas  generator,  with  the  scramjet  engine  section  and  payload  located  just  in  front  of  the  ATR- 
booster  section.  The  external  vehicle  aerodynamics  were  assumed  to  be  similar  to  a  HARM 
missile,  with  the  scramjet  engine  section  and  payload  mounted  to  the  front.  The  vehicle  concept 
is  shown  in  Figure  23. 
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6.2  AFSS  Layout 


In  evaluating  the  ATR  for  use  in  the  LMV  concept,  two  general  configurations  were  developed. 
These  configurations  evolved  from  the  two  different  system  constraints  evaluated  for  the  LMV 
missions,  i.e.,  the  volume  constrained,  and  the  weight  constrained. 

6.2.1  Volume  Constrained  Layout 

To  stay  within  the  prescribed  LMV  envelope,  a  concentric  ATR/Gas  generator  configuration 
design  was  developed.  This  layout  co-located  the  ATR  engine  within  an  annular  gas  generator 
configuration.  Figure  24  shows  a  schematic  of  this  layout. 

6.2.2  Weight-Constrained  Layout:  For  the  weight  constrained  layout,  the  ATR  engine  and 
gas  generator  can  be  arranged  in  an  “over-and-under"  configuration,  allowing  more  volume  for 
the  propellant  and  bringing  the  system  weight  up  to  the  85  Ibm  limit  imposed  by  LMV.  This 
configuration,  illustrated  schematically  in  Figure  25,  represents  a  more  conventional  gas 
generator  geometry  than  does  the  annular  shape. 

6.2.3  Pintle  Motor  Configuration:  As  a  point  of  comparison  to  the  ATR  engines,  a  notional 
pintle  motor  concept  was  also  evaluated,  based  on  CFDRC’s  previous  development  work 
associated  with  this  concept.  In  Figure  26  is  shown  the  baseline  pintle  motor  configuration. 


34 


<8202/.^ 


THROTTLE  VALVE/ 
ACTUATOR  ASSEMBLY 


Figure  24,  Volume  Constrained  Configuration 
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Figure  25.  Weight-Constrained  Configuration 


6.3  MALD 


Layout  evaluations  were  conducted  which  considered  the  packaging  of  the  3-inch  ATR  within 
the  MALD  vehicle.  Since  the  3-inch  ATR  has  a  much  smaller  body  diameter  than  the  TJ-50 
engine  (currently  used  by  the  MALD  vehicle  (3.5  inches  vs.  4.5  inches),  ATR  packaging  appears 
quite  feasible.  Figure  27  shows  how  the  3-inch  ATR  might  package  within  the  MALD  vehicle. 
Placement  of  the  solid  propellant  gas  generator  can  be  made  independently  of  the  ATR  engine, 
and  replaces  the  liquid  fuel  tanks  of  the  TJ-50  in  the  proposed  layout. 


Fuel  Rich 
GG  Eflluent 


Figure  27.  ATR-Powered  Supersonic  MALD  Layout  Configuration 
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6.4  Engine  Mocku 


In  addition  to  producing  layout  drawings,  we  have  also  undertaken  to  produce  an  accurate 
mockup  of  the  actual  engine  configuration.  This  effort  has  consisted  of  fabricating  the  designed 
components  out  of  polycarbonate  plastic.  These  components  were  then  painted  and  assembled 
into  an  accurate,  full-size  model  of  the  3-inch  ATR  engine,  as  shown  in  Figure  28.  Additionally, 
some  of  the  more  complicated  components  of  the  engine  model  were  produced  directly  from  our 
CAD  files  using  stereolithography.  In  particular,  the  compressor  rotor,  turbine  wheel,  and 
compressor  diffuser  vanes  were  fabricated  using  this  process.  These  models  are  shown  in 
Figure  29. 


Figure  28.  Polycarbonate  Model  Fabrication 
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These  individual  components  were  then  assembled  into  the  3-inch  ATR  engine.  Included  in  the 
model  is  a  small  electric  motor  which  rotates  the  compressor  rotor  and  turbine  wheel.  This 
feature  provides  a  very  clear  visualization  of  the  layout  and  functionality  of  the  ATR  engine.  A 
picture  of  the  completed  engine  mockup  is  shown  in  Figure  30,  including  the  speed  control  box 
for  the  electric  motor. 


Figure  30.  Completed  3-inch  ATR  Engine  Mockup 

7.0  COST/PRODUCIBILITY  EVALUATION 

Previous  cost  studies  on  the  ATR  have  been  conducted  by  CFDRC  for  both  Air  Force  and  Navy 
applications.  In  “Analysis  of  Air  Turbo  Rocket  Propulsion  for  Use  in  USAF  Tactical  Missiles”, 
WL-TR-94-2088,  the  costs  for  ATR  engines  for  use  in  HARM  and  Sparrow  Missiles, 
respectively,  were  estimated  using  standard  USAF  costing  methods  specifically  AFAPL-TR-77- 
50.  A  summary  of  the  resulting  cost  estimates  from  this  report  is  shown  in  Table  2. 

As  shown  in  Table  7,  the  biggest  single  cost  driver  is  the  solid  propellant  gas  generator  assembly, 
and  throttle  system.  Turbomachinery  component  costs  are  significantly  less.  Results  from  these 
studies  were  then  u.sed  to  evaluate  the  cost  of  an  ATR  engine  applicable  to  the  Advanced  Fire 
Support  System  (AFSS)  application.  The  AFSS  ATR  engine  is  significantly  smaller  than  that 
required  for  either  the  HARM  or  sparrow  application  and  is  essentially  the  3-inch  ATR  engine 
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design.  In  this  evaluation  effort,  the  cost  of  the  ATR  engine  was  compared  against  that  of  a  solid 
rocket  motor,  pintle  motor,  and  expendable  turbojet  engine,  all  propulsion  systems  are  of 
approximately  the  same  thrust  level  (200-500  Ibf).  These  results  are  summarized  in  Figure  31, 
which  breaks  out  the  cost  estimates  for  each  of  the  major  components  among  the  four  propulsion 
systems. 
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Figure  31.  Cost  Estimates  for  AFSS  Propulsion  Options,  in  Lots  of  500 
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As  might  be  expected,  the  unit  cost  of  the  ATR  lies  somewhere  between  the  SRM  and  the 
turbojet  engine,  and  is  similar  in  cost  to  the  pintle  motor.  Further  cost  analysis  will  need  to  be 
conducted  to  evaluate  a  particular  ATR  engine  design  which  may  emerge  from  this  SBIR  Phase  I 
effort.  After  consideration  of  producibility  issues  associated  with  ATR  manufacturing,  it  was 
concluded  that  the  technological  readiness  of  the  ATR  is  not  sufficiently  advanced  enough  to 
meaningfully  assess  these  issues. 
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8.0  CONCLUSIONS 


Based  on  the  ATR  research  performed  during  Phase  I  a  number  of  conclusions  are  briefly  stated 

below.  These  conclusions  have  been  categorized  according  to  issues  associated  with  potential 

DARPA  vehicles  and  missions,  engine  design  and  systems  modeling,  and  critical  component 

technologies. 

8.1  DARPA  Vehicle/Missions  Issues 

a.  In  order  to  fully  utilize  the  ATR,  mission  studies  must  include  a  simultaneous 
characterization  of  the  propulsion  system  and  associated  vehicle  aerodynamic  integration 
issues.  This  is  particularly  the  case  for  an  ATR  because  of  its  hybrid  propulsion  system 
performance  nature. 

b.  DoD  missions,  simplicity,  reduced  cost,  and  “wooden  round”  requirements  favor  the 
solid  fuel  gas  generator  system. 

c.  Numerous  next  generation  missile  propulsion  requirements  dictate  a  compromise 
between  time  to  target  and  range.  Because  of  this  compromise  an  ATR  may  become  the 
preferred  configuration  due  to  the  performance  combination  of  a  solid  fuel  gas  generator 
combined  with  airbreathing  turbomachinery. 

d.  The  inherently  extensive  operating  flight  regime  of  the  ATR  is  attained  at  the  cost  of 
lower  specific  impulse,  at  low  speed  flight,  compared  to  the  turbojet.  However,  this 
particular  deficiency  is  compensated  for  in  many  tactical  missile  applications  by  the 
ATR’s  higher  thrust/weight  and  thmst/inlet  area  ratios. 

e.  There  are  at  least  four  major  missions  types  for  which  the  ATR  propulsion  system  is 
optimum.  They  are: 

1)  moderate  range  (5-200  miles)  requiring  boost,  cruise,  loiter,  endgame  operation; 

2)  missions  requiring  copious  amounts  of  on-board  electric  power; 

3)  applications  requiring  a  diverse  array  of  operating  conditions;  and 

4)  a  single  application  which  is  intended  to  be  used  for  several  different  types  of 
missions. 

f.  The  presence  of  a  compressor  enables  ATR  operation  at  low  flight  speed  loiter  conditions 
throughout  the  flight  envelope.  It  is  this  capability,  and  the  ATR’s  fairly  flat  Isp 
characteristics  over  a  wide  Mach  range,  that  makes  the  ATR  viable  for  numerous 
missions. 

g.  For  selected  tactical  missile  envelopes,  the  resulting  boost  thrust  requirement  is  too  high 
for  initial  launch  and  acceleration  by  a  turbojet  without  a  first  stage  solid  boost.  The 
ATR  offers  boost  capability  without  the  use  of  solid  motor  launch/eject  capability. 
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8.2  Systems  Modeling  and  Engine  Layout 

h.  The  lower  the  ATR  combustor  mixture  ratio  (MR),  the  higher  the  theoretically  possible 
Isp,  conversely,  increasing  ATR  combustor  MR  reduces  Isp  but  significantly  increases 
specific  thrust  without  increasing  turbine  inlet  temperature. 

i.  A  solid  fueled  ATR  represents  a  different  ATR  engine  cycle.  It  cannot  be  operated  as  a 
monopropellant  or  bipropellant  ATR.  Innovative  throttling  and  gas  generator  paradigms 
were  required  to  compensate  for  nonlinearities  in  the  gas  generator  operation. 

j.  In  a  SPGG  powered  ATR,  flow  and  pressure  mismatch  between  the  gas  generator  burn 
rate,  turbine  nozzle,  compressor,  and  combustion  chamber  require  very  specialized 
system  modeling  techniques. 

k.  An  inherent  advantage  of  the  ATR  engine  is  a  cooler  missile  skin  temperature  which 
facilitates  reduced  flight  signature  and  drag. 

8.3  Critical  Component  Technologies 

l.  For  U.S.  Army  missile  installations  a  bifurcated  inlet  configuration  should  minimize 
compressor  flow  distortion.  Mixed  flow  compressors  offer  the  highest  degree  of 
tolerance  to  these  distortions  when  combined  with  maximum  performance  within  a  given 
volumetric  constraint. 

m.  The  single  stage  mixed  flow  compressor  implemented  in  this  engine  provides  an 
optimum  compromise  between  turbine  horsepower,  engine  massflow,  combustion 
stoichiometry,  and  combustion  pressure  requirements. 

n.  Swirl  stabilized  combustion  offers  numerous  advantages  associated  with  maximizing 
ATR  combustor  performance  at  Length/Diameter  ratios  approaching  1 .0  for  carbon  soot 
laden  fuels. 

o.  The  preferred  SPGG  design  is  a  single  grain,  constant  burn  area  configuration,  with  a 
pintle  valve  that  will  enable  the  required  throttling  and  flowrate  turndown  ratio. 

p.  The  gas  generator  flow  rate  restrictions  and  burnrate  exponent  drive  the  available  turbine 
nozzle  pressure  and  corresponding  engine  turndown  ratio.  Higher  burnrate  exponent 
grains  benefit  the  ATR  by  reducing  GG  pressure  variation  and  minimizing  turbine  nozzle 
design  complexity.  A  reduction  in  solid  particle  deposition  on  turbine  blades  and  nozzles 
can  also  be  anticipated. 

q.  Formulation  of  an  SPGG  ATR  grain  received  careful  consideration.  For  maximum  ATR 
operation,  the  SPGG  effluent  must  have  the  following  characteristics: 

1)  low  molecular  weight; 

2)  high  ratio  of  specific  heat; 
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3)  high  fuel  heating  value;  and 

4)  minimum  solid  particles. 

r.  ATR  combustion  chamber  design  is  especially  unique  due  to  lower  fuel  heat  content, 
minimum  available  combustion  chamber  volume,  potentialy  fuel  rich  equivalence  ratio, 
and  low  combustion  pressure.  At  this  point  a  fundamental  tradeoff  between  combustion 
efficiency  and  volume  versus  increased  compressor  massflow  and  pressure  ratio  is 
evident.  All  of  these  parameters  are  directly  related  to  the  turbine  drive  gas 
characteristics  exiting  the  gas  generator. 

9.0  RECOMMENDATIONS 

A  number  of  recommendations  pertaining  to  future  ATR  technology  development  are  presented. 
These  recommendations  are  broken  down  into  categories  associated  with  ATR  systems  analysis 
code,  critical  components,  and  solid  propellant/gas  generator  technologies. 


9.1  ATR  Systems  Analysis  Code  Recommendations 

a.  Improve  the  trajectory  analysis  by  implementing  more  advanced  codes,  such  as  the  U.S. 
Air  Force  UTRAJ  code  or  NASA  OTIS  code. 

b.  Implement  a  Newton-Raphson  iteration  procedure  where  possible  to  reduce  ATR  systems 
analysis  code  run  time. 

c.  Install  and  completely  debug  a  cold  nitrogen  turbine  drive  gas  option  to  assist  in 
preliminary  engine  speed  testing. 

d.  Develop  and  incorporate  ATR  system/component  weight  algorithm(s). 

e.  Complete  code  development  associated  with  SPGG  throttling  operation  at  off-design. 

f.  Incorporate  the  NASA  ODE  code  into  the  ATR  code  as  a  new  subroutine  to  calculate  gas 
properties  within  the  engine,  particularly  the  combustor  and  gas  generator.  This  will 
eliminate  the  use  of  tables  limited  to  single  mixture  ratios  using  a  specific  propellant 
combination. 

g.  Develop  an  off-design  output  option  that  enables  the  user  to  generate  an  ATR  flight  map 
which  includes  engine  operation  and  performance  parameters  as  a  function  of  Mach, 
altitude  and  speed. 

h.  Research  and  modify,  as  required,  all  compressor  maps  to  include  performance  data 
down  to  a  minimum  throttle  setting. 

i.  Upgrade  the  user  interface  and  code  algorithms  to  insure  that  both  the  design  and  off- 
design  codes  are  easy  to  use. 
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j.  Repeat  any  ATR  vehicle/mission  studies  using  ATR  SFGG  propellant  formulations 
suitable  as  a  turbine  drive  gas  and  containing  an  acceptable  residual  heat  content. 

k.  For  an  ATR,  evaluate  how  range  and  time  to  target  are  affected  by  the  use  or  non-use  of 
variable  geometry  nozzles  and  inlets. 

l.  Install  combustor  maps  similar  in  format  to  conventional  airbreathing  combustion 
performance  maps. 

m.  Develop  a  propellant  tool  which  can  perform  SPGG  formulation  trade  studies  against 
engine  performance. 

o.  Develop  and  incorporate  an  inlet  model  that  can  be  utilized  to  predict  required  ATR  inlet 
size. 

9.2  Critical  ATR  Components 

a.  Complete  ATR  rotordynamics  fixes  for  proper  operation. 

b.  Fund  further  ATR  combustor  development  programs,  and  anchor  combustion 
performance  calculations  with  experimental  data. 

c.  Develop  and  test  variable  inlet  and  nozzle  designs  for  use  on  the  SPATR. 

d.  Develop  a  turbo-electric  generator  which  can  interface  with  the  ATR. 

e.  Evaluate  alternate  ignitor  systems  for  the  ATR  combustor. 

9.3  Solid  Propellant/Gas  Generator  Technologies 

a.  Design  and  test  alternative  propellant  combinations  including  hybrid  (liquid 
oxidizer/solid  fuel),  gel-bipropellant,  and  liquid  bi-propellant  gas  generators. 

b.  Evaluate  high  burning-rate  exponent  solid  propellant  formulations. 

c.  Explore  “active-controlled”  solid  propellant  gas  generator  formulations  which  possess 
burning  rate  exponents  greater  than  1 . 

d.  Examine  turbine  by-pass  configurations  to  allow  direct-dump  fuel-injector  into  the  ATR 
combustor. 

e.  Evaluate  alternate  gas  generator/ATR  configurations  such  as  the  “over-and-under” 
arrangement,  and  embedded  engine/gg  configurations. 
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APPENDIX  A 

3-INCH  ATR  ENGINE  OFF-DESIGN  OPERATION 
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;  ATR  MASTER  DATA  FILE  (ATR.MDF) 

;  Written  by  ATR  Off -Design  Code 

;  ATR  Design  Suininairy: 

;  Fuel  is  ARC  428  (5-23-95) 

;  Ifuel=  30 

;  Design  Mach  is  .20 

;  Design  Altitude  (feet)  is  .0 

;  Design  Engine  Speed  (rpm)  is  138461.5 

;  Compressor  is  Sundstrand  4.57”  Mono (1-17-96) 

;  Icomp=  4 

;  Turbine  is  SUNDSTRAND  Reentry  Turbine  (11 

;  Iturb=  7 

TABLE  ATR  THRUST 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

1  0  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  8  5  5 

;  Mach  Niomber 


o 

to 

.41 

00 

01  1.21 

1.41 

Altitude 

.0 

( feet ) 
500.0 

1000.0  1500 

.0  2000, 

.0 

Engine  RPM 

70000.0  75000.0  80000.0  85000 

.0  90000, 

.0 

ATR  Thrust 
.00 

(Ibf) 

.00 

.00 

.00 

.00 

133.40 

133.60 

119.30 

.00 

O 

o 

.00 

.00 

.00 

131.50 

132.60 

118.80 

.00 

.00 

.00 

.00 

.00 

129.20 

131.50 

119.30 

.00 

o 

o 

o 

o 

o 

o 

o 

o 

127.00 

130.50 

118.80 

.00 

.00 

.00 

.00 

.00 

124.80 

129.90 

118.00 

.00 

o 

o 

o 

o 

145.60 

163.00 

177.40 

185.90 

183.30 

.00 

.00 

.00 

.00 

160.10 

174.40 

184.20 

182.00 

.00 

o 

o 

o 

o 

o 

o 

158.00 

172.70 

182.60 

180.70 

.00 

.00 

.00 

.00 

155.90 

171.00 

181.00 

180.10 

.00 

.00 

o 

o 

o 

o 

153.10 

169.20 

179.20 

178.60 

141.40 

140.10 

161.00 

182.10 

202.60 

221.80 

240.40 

249.50 

138.90 

138.50 

158.10 

180.00 

198.80 

219.50 

237.90 

247.10 

137.30 

136.00 

155.20 

177.70 

196.50 

215.70 

233.90 

244.80 

.00 

134.40 

153.00 

174.50 

194.20 

213.30 

231.50 

242.40 

.00 

.00 

150.80 

172.30 

191.90 

210.90 

229.00 

240.00 

169.20 

168.30 

189.10 

214.60 

238.70 

265.30 

292.40 

309.50 

166.10 

166.10 

185.60 

211.90 

235.80 

262.20 

289.10 

306.30 

163.30 

162.90 

183.00 

209.10 

232.80 

259.00 

285.80 

303.00 

160.60 

159.90 

179.60 

206.50 

230.00 

255.90 

282.50 
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299.70 


157.60 

157.50 

176.50 

203.80 

225.70 

252.80 

296.40 

193.90 

196.90 

213.10 

242.90 

272.60 

307.50 

370.20 

189.40 

193.30 

210.20 

239.70 

269.00 

303.50 

366.00 

185.00 

189.40 

207.20 

236.40 

265.30 

299.40 

361.80 

180.70 

183.00 

204.40 

233.30 

261.80 

295.50 

357.60 

176.50 

178.50 

201.60 

230.10 

258.20 

291.50 

353.40 

TABLE  ATR  ISP 

;  ICS(l)  ICS(2)  ICS{3)  ICS(4)  ICS(5) 

1  0  0  0  0 
;  NIND  NMACH  MALT  NRPM 
3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61  .81  1.01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000.0  1500.0  2000.0 


;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 


;  ATR  Specific 
.00 

Impulse 

.00 

.00 

.00 

.00 

645.50 

447.50 

.00 

o 

o 

.00 

o 

o 

.00 

644.40 

451.50 

.00 

.00 

.00 

.00 

.00 

641.60 

457.00 

.00 

o 

o 

o 

o 

.00 

o 

o 

637.70 

460.80 

.00 

.00 

.00 

.00 

.00 

634.90 

464.60 

.00 

o 

o 

o 

o 

749.60 

757.30 

710.40 

553.80 

.00 

.00 

.00 

.00 

754.20 

711.00 

557.10 

.00 

.00 

o 

o 

o 

o 

751.50 

713.40 

560.40 

.00 

.00 

.00 

.00 

749.20 

715.70 

564.40 

.00 

o 

o 

.00 

.00 

745.90 

718.20 

567.60 

710.90 

693.50 

757.80 

798.60 

790.00 

753.90 

626-80 

708.30 

692.60 

754.00 

797.00 

788.40 

755.80 

629.50 

707.20 

689.30 

750.60 

795.10 

789.40 

755.50 

632.10 

.00 

688.00 

747.20 

791.40 

790.90 

756.90 

634 .70 
.00 

O 

O 

744.10 

789.30 

791.80 

758.20 

637.30 

720.30 

706.10 

755.80 

788.00 

777.00 

745.40 

659.00 

717.10 

703.00 

751.20 

788.60 

777.70 

746.50 

660.80 

713.70 

699.60 

748.00 

789.20 

779.50 

748.10 

662.60 

710.40 

695.90 

743.70 

789.80 

780.20 

749.10 

PflFTP  2 


278.40 

343.10 

339.00 

334.90 

330.90 
326.80 


558.50 

561.90 

565.20 

568.50 

572.30 

639.50 

642.40 

645.10 

647.90 
650.60 
697.00 

699.30 

699.90 

702.20 

704.40 

705.20 
706.70 

708.10 

709.50 
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boa . uu 

706.90 

692.70 

739.30 

790.30 

779.70 

750.10 

709.70 

665.20 

717.70 

705.30 

721.00 

751.10 

745.30 

726.00 

692.50 

650.40 

714.70 

702.30 

721.20 

751.60 

745.90 

726.40 

693.70 

651.90 

711.20 

696.80 

721.90 

752.00 

746.50 

727.30 

695.30 

652.90 

706.50 

693.80 

722.60 

752.40 

746.60 

728.10 

696.40 

654.30 

703.50 

689.30 

722.70 

752.70 

747.60 

728.50 

697.40 

655.60 

TABLE  ATR  PGG 
;  ICS(l)  ICS(2)  ICS(3 
10  0 
;  NIND  NMACH  NALT  NRPM 

3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61 

;  Altitude  (feet) 

.0  500.0  1000.0 


ICS(4)  ICS(5) 
0  0 


.81  1.01  1.21  1.41 

1500.0  2000.0 


;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 


ATR  GG  Pressure  (psi) 
286.08  298.52 

329.72 

386.96 

462.90 

594.98 

793-55 

962.73 

282.49 

291.34 

325.08 

377.96 

456.89 

577.41 

771.30 

937.33 

272.03 

283.99 

313.49 

369.06 

442.19 

560.05 

749.31 

917.16 

264.87 

273.23 

309.49 

359.61 

436.69 

544.09 

739.23 

905.24 

258.08 

269.53 

298.31 

347.32 

426.17 

536.98 

720.06 

880.02 

412.17 

418.87 

457.07 

521.24 

650.96 

852.74 

1134.35 

1485.33 

398.97 

414.47 

443.12 

506.13 

631.78 

825.90 

1119.15 

1434.40 

394.50 

400.79 

437.48 

494.92 

615.54 

803.11 

1077.11 

1415.50 

381.46 

396.53 

427.62 

484.04 

609.33 

792.66 

1035.48 

1369.40 

376.41 

387.44 

418.58 

478.05 

580.93 

770.01 

1021.36 

1350.81 

543.33 

571.81 

632.34 

723.12 

900.79 

1177.00 

1581.13 

2058.12 

535.87 

556.11 

613.84 

705.17 

873.44 

1133.47 

1559.65 

1991.37 

520.96 

539.14 

595.09 

698.00 

849.92 

1100.44 

1499.75 

1964.78 

504.53 

524.25 

579.51 

677.97 

826.45 

1072.47 

1479.45 

1900.26 

489.92 

507.58 

573.51 

660.47 

803.86 

1031.20 

1427.33 

1873.47 

767.64 

790.74 

854.59 

996.44 

1288.72 

1701.31 

2224.64 

2839.87 

745.64 

772.25 

843.81 

969.97 

1242.30 

1644.54 

2155.10 

2757.59 

725.72 

749.90 

823.82 

943.73 

1209.40 

1604.34 

2125.91 

2675.65 

706.09 

739.96 

801.08 

918.28 

1179.23 

1566.45 

2058.75 
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2641.99 

696.07 

721.24 

791.82 

905.74 

1129.80 

1528.87 

1989.98 

2564,42 

975.44 

1034.78 

1182.05 

1419.58 

1783.84 

2313.56 

3479.00 

7992.07 

943.96 

1020.71 

1137.43 

1368.79 

1723.65 

2282.01 

3050.92 

7665.52 

913.75 

981.22 

1120.02 

1349.44 

1681.59 

2208.80 

2959.87 

7348.51 

898.15 

939.26 

1076.40 

1300.52 

1641.96 

2137.84 

2873.48 

6823 . 11 
856.51 

909.66 

1034.23 

1267.31 

1600.59 

2069.12 

2833.96 

6308.73 

TABLE  ATR  WAIR 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4) 
10  0  0 

ICS(5) 

0 

;  NIND  NMACH  MALT  NREM 
3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61  .81  1.01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000.0  1500.0  2000.0 

;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 


;  ATR  Air  Flow 
1.16 

Rate  (Ibm/sec) 
1.18  1.24 

1.35 

1.49 

1.68 

1.98 

2.30 

1.15 

1.17 

1.23 

1.33 

1.47 

1.65 

1.95 

2.27 

1.13 

1.15 

1.21 

1.31 

1.45 

1.63 

1.92 

2.23 

1,12 

1.14 

1.20 

1.30 

1.44 

1.62 

1.90 

2.20 

1.10 

1.12 

1.18 

1.28 

1.42 

1.60 

1.86 

2.17 

1.25 

1.27 

1.33 

1.44 

1.57 

1.84 

2.17 

2.53 

1.23 

1.26 

1.32 

1.43 

1.55 

1.80 

2.14 

2.50 

1.23 

1.24 

1.31 

1.41 

1.54 

1.78 

2.11 

2.46 

1.21 

1.23 

1.29 

1.39 

1.53 

1.75 

2.08 

2.42 

1.19 

1.22 

1.28 

1.38 

1.51 

1.73 

2.05 

2.39 

1.33 

1.34 

1.41 

1.50 

1.71 

2.00 

2.37 

2.76 

1.31 

1.33 

1.39 

1.49 

1.68 

1.97 

2.34 

2.72 

1.30 

1.31 

1.37 

1.48 

1.65 

1.93 

2.29 

2.69 

1.28 

1.30 

1.36 

1.46 

1.63 

1.90 

2,26 

2.65 

1.27 

1.29 

1.35 

1.45 

1.61 

1.88 

2.23 

2.61 

1.42 

1.44 

1.51 

1.66 

1.89 

2.21 

2.62 

3.04 

1.40 

1.43 

1.49 

1.63 

1.87 

2.18 

2.58 

3.00 

1.38 

1.41 

1,48 

1.61 

1.84 

2.15 

2.54 

2.95 

1.37 

1.39 

1.46 

1.59 

1.81 

2.12 

2.51 
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2.91 

1.35  1.38 

1.45 

1.56 

1.' 

2.87 

1.50  1.54 

1.63 

1.80 

2.( 

3.34 

1.48  1.51 

1.61 

1.78 

2.1 

3.30 

1.45  1.50 

1.58 

1.75 

2.1 

3.25 

1.44  1.47 

1.56 

1.72 

1.1 

3.20 

1.41  1.45 

1.54 

1.70 

1.: 

3.16 

TABLE  ATR  PRC 

;  ICS(l)  ICS(2)  ICS(3) 

ICS(4) 

ICS(5) 

10  0 

0 

0 

;  NIND  NMACH  NALT  NRPM 

3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61 

.81  1. 

01  1.21  1 

.41 

;  Altitude  (feet) 

.0  500.0  1000 

.0  1500 

.0  2000.0 

;  Engine  RPM 

70000.0  75000.0  80000 

.0  85000 

.0  90000.0 

;  ATR  PRC 

2.32  2.30 

2.27 

2.22 

2. 

1.74 

2.32  2.31 

2.26 

2.22 

2. 

1.74 

2.33  2.31 

2.27 

2.23 

2. 

1.76 

2.32  2.30 

2.27 

2.22 

2. 

1.76 

2.33  2.31 

2.28 

2.23 

2. 

1.76 

2.73  2.72 

2.67 

2.59 

2. 

2.00 

2.74  2.72 

2.66 

2.59 

2. 

2.01 

2.73  2.73 

2.67 

2.60 

2. 

2.01 

2.74  2.72 

2.68 

2.61 

2. 

2.03 

2.75  2.73 

2.68 

2.60 

2. 

2.04 

3.13  3.11 

3.04 

2.95 

2. 

2.28 

3.14  3.11 

3.05 

2.95 

2. 

2.29 

3.14  3.12 

3.06 

2.96 

2, 

2.30 

3.15  3.13 

3.07 

2.97 

2, 

2.30 

3.15  3.14 

3.07 

2.98 

2, 

2.31 

3.46  3.45 

3.39 

3.28 

3 

2.54 

3.47  3.45 

3.40 

3.29 

3 

2.54 

3.48  3.46 

3.40 

3.30 

3 

2.55 

3.48  3.47 

3.41 

3.31 

3 
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.45 

.22 

.23 

.24 

.26  .29 

.34 

.45 

.27 

.28 

.30 

.32  .37 

.42 

.57 

.27 

.28 

.29 

.32  .36 

.42 

.56 

.26 

.27 

.29 

.31  .36 

.41 

.55 

.26 

.26 

.28 

.31  .35 

.41 

.55 

.25 

.26 

.28 

.31  .35 

.40 

.54 

TABLE  ATR 

PRT 

. 

ICS(l)  ICS{2)  ICS(3) 

ICS{4) 

ICS (5) 

1 

0  0 

0 

0 

f 

NIND  NMACH 

NALT  NRPM 

3  8 

5  5 

• 

Mach  Number 

.01  .21 

.41  .61 

.81  1. 

01  1.21  1.41 

7 

Altitude  (feet) 

.0 

500.0  1000 

.0  1500 

.0  2000.0 

/ 

Engine  RPM 

70000.0  75000.0  80000 

.0  85000 

.0  90000.0 

ATR  Turb  Pressure  Ratio 

8.90 

8.90 

8.90 

8.90  8.70 

8.50 

8.50 

8.90 

8.90 

8.90 

8.80  8.70 

8 . 50 

8.50 

8.90 

8.90 

8.90 

8.80  8.70 

8.50 

8.50 

8.90 

8.90 

8.90 

8.90  8.80 

8 . 60 

8-50 

8.90 

8.90 

8.90 

8.90  8.80 

8.60 

8.50 

9.40 

9.40 

9.30 

9.20  9.00 

9.20 

9.30 

9.40 

9.40 

9.40 

9.30  9.00 

9.10 

9.30 

9.50 

9.40 

9.40 

9.20  9.10 

9.10 

9.30 

9.50 

9.50 

9.30 

9.20  9.10 

9.10 

9.20 

9.50 

9.50 

9.40 

9.30  9.10 

9.10 

9.20 

9.90 

9.90 

9.80 

9.70  9.70 

9.70 

9.90 

9.90 

9.90 

9.80 

9.70  9.70 

9.70 

9.90 

9.90 

9.90 

9.80 

9.70  9.70 

9.70 

9-90 

9.90 

9.90 

9.90 

9.70  9.70 

9.70 

9.90 

10.00 

9.90 

9.90 

9.80  9.70 

9.70 

9.90 

10.70 

10.60 

10.60 

10.60  10.60 

10.70 

10.60 

10.70 

10.70 

10.60 

10.50  10.60 

10.70 

10.60 

10.80 

10.70 

10.60 

10.50  10.60  , 

10.70 

10.60 

10.80 

10.70 

10.60 

10.50  10.60 

10.70 
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10.80 

10.80 

10.70 

10.50 

10.50 

10.70 

10.70 

10.60 

11.50 

11.50 

11.60 

11.60 

11.70 

11.70 

11.70 

11.70 

11.50 

11.50 

11.60 

11.60 

11.70 

11.70 

11.70 

11.70 

11.40 

11.60 

11.50 

11,60 

11.70 

11.70 

11.70 

11.70 

11.50 

11.50 

11.50 

11.60 

11.70 

11.70 

11.70 

11.70 

11.50 

11.50 

11.50 

11.60 

11.70 

11.70 

11.70 

0.-1-.  —  .^w  - 

11.70 

TABLE  ATR  EFFCMP 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

1  0  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61  .81  1.01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000.0  1500.0  2000.0 

;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 

;  ATR  Comp  Efficiency 


77 

.77 

.77 

.77 

.77 

.77 

.75 

71 

77 

.77 

.76 

.77 

.77 

.77 

.75 

71 

77 

.77 

.76 

.77 

.77 

.77 

.75 

71 

76 

.76 

.77 

.77 

.77 

.77 

.75 

72 

76 

.76 

.77 

.77 

.77 

.77 

.76 

72 

79 

00 

o 

00 

o 

.81 

.81 

.80 

.7E 

76 

79 

.79 

.80 

.81 

.81 

.80 

.7^ 

76 

79 

.79 

.80 

.81 

.81 

.80 

.75 

76 

79 

.79 

.80 

.81 

.81 

.80 

.75 

76 

79 

.79 

o 

00 

00 

o 

.81 

o 

00 

.7! 

.76 

.79 

.79 

.79 

.79 

.80 

.81 

.81 

.79 

.79 

.79 

.79 

.79 

o 

00 

.81 

.81 

.79 

.78 

.79 

.79 

.79 

.80 

.81 

.8 

.79 

.78 

.79 

.79 

.79 

.80 

.80 

.8 

.79 

.78 

.78 

.79 

.79 

.80 

o 

00 

.8 

.79 

.75 

.76 

.76 

.77 

.79 

.79 

.8 

.81 

.75 

.75 

.76 

.77 

.79 

.79 

.8 

.81 

.75 

.75 

.76 

.77 

.78 

.79 

.8 

.81 

.75 

.75 

.76 

.77 

.78 

.79 

.8 
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.80 

.75  .75 

.76 

.77 

.78 

.79 

.80 

.80 

.72  .72 

.73 

.74 

.75 

.77 

.79 

.79 

.72  .72 

.73 

.74 

.75 

.77 

.79 

.79 

.72  .72 

.73 

.74 

.75 

.77 

.79 

.79 

.72  .72 

.73 

.74 

.75 

.77 

.79 

.79 

.72  .72 

.79 

.73 

.74 

.75 

.77 

.78 

TABLE  ATR  EFFTRB 

;  ICS(l)  ICS(2)  ICS(3) 

ICS(4)  ICS{5) 

1  0  0 
;  NIND  NMACH  NALT  NRPM 

3  8  5  5 

;  Mach  Number 

0 

0 

.01  .21  .41  .61 

.81  1.01 

1.21  1.41 

;  Altitude  (feet) 

2000.0 

.0  500.0  1000 

.0  1500.0 

;  Engine  RPM 

70000.0  75000.0  80000 

.0  85000.0 

90000.0 

;  ATR  Turb  Efficiency 
.51  .51 

.51 

.51 

.51 

.51 

.51 

.51 

.51  .51 

.51 

.51 

.51 

.51 

.51 

.51 

.51  .51 

.51 

.51 

.51 

.51 

.51 

.51 

.51  .51 

.51 

.51 

.51 

.51 

.51 

.51 

.51  .51 

.51 

.51 

.51 

.51 

.51 

.51 

.53  .53 

.53 

.53 

.53 

.53 

.53 

.53 

.53  .53 

.53 

.53 

.53 

.53 

.53 

.53 

.53  .53 

.53 

.53 

.53 

.53 

.53 

.53 

.53  .53 

.53 

.53 

.53 

.53 

.53 

.53 

.53  .53 

.53 

.53 

.53 

.53 

.53 

.  53 

.54  .55 

.55 

.55 

.55 

.55 

.55 

.55 

.54  .54 

.55 

.55 

.55 

.55 

.55 

.55 

.54  .54 

.55 

.55 

.55 

.55 

.55 

.55 

.54  .54 

.55 

.55 

.55 

.55 

.55 

.55 

.54  .54 

.54 

.55 

.55 

.55 

.55 

.55 

.55  .55 

.56 

.56 

.55 

.55 

.55 

.56 

.55  .55 

.56 

.56 

.55 

.55 

.55 

.56 

.55  .55 

.55 

.56 

.56 

.55 

.55 

.56 

.55  .55 

.55 

.56 

.56 

.55 

.55 
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.56 


55 

.55 

.55 

.  56 

in 

.55 

.55 

56 

56 

.56 

.56 

.56 

.56 

.56 

.56 

56 

56 

.56 

.56 

.56 

.56 

.56 

.56 

56 

56 

.56 

.56 

.56 

.56 

.56 

.56 

56 

56 

.56 

.56 

.56 

.56 

.56 

.56 

56 

56 

.56 

.56 

.56 

.56 

.56 

.56 

.56 

TABLE  ATR  MR 

;  ICSd)  ICS  (2)  ICS(3)  ICS  (4)  ICS  (5) 

1  0  0  0  0 

;  NIND  NMACH  MALT  NRPM 
3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61  .81  1.01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000.0  1500.0  2000.0 


;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 


ATR  Mixture 
.12 

Ratio  (f/air) 
.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

,12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.12 

.14 

.14 

.14 

.14 

.14 

.14 

.13 

.13 

.14 

.14 

.13 

.14 

.14 

.14 

.13 

.13 

.14 

.14 

.14 

.14 

.14 

.14 

.13 

.13 

.14 

.14 

.14 

.14 

.14 

.14 

.13 

.13 

.14 

.14 

.13 

.13 

.14 

.14 

.13 

.13 

.15 

.15 

.15 

.15 

.15 

.15 

.14 

.14 

.15 

.15 

.15 

.15 

.15 

.15 

.14 

.14 

.15 

.15 

.15 

.15 

.15 

.15 

.15 

.14 

.15 

.15 

.15 

.15 

.15 

.15 

.15 

.14 

.15 

.15 

.15 

.15 

.15 

.15 

.15 

.14 

.17 

.17 

.17 

.16 

.16 

.16 

.16 

.16 

.17 

.17 

.17 

.16 

.16 

.16 

.16 

.16 

.17 

.17 

.17 

.17 

.16 

.16 

.16 

.16 

.17 

.17 

.17 

.17 

.16 

.16 

.16 
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17 

.17 

.17 

.17 

.16 

.16 

.16 

16 

18 

.18 

.18 

.18 

.18 

.17 

.17 

17 

18 

.18 

.18 

.18 

.18 

.17 

.17 

17 

18 

.18 

.18 

.18 

.18 

.17 

.17 

17 

18 

.18 

.18 

.18 

.18 

.17 

.17 

17 

18 

.18 

.18 

.18 

.18 

.17 

.17 

.17 

TABLE  ATR  ER 

;  ICS{1)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

1  0  0  0  0 
;  NIND  NMACH  MALT  NRPM 
3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61  .81  1.01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000.0  1500.0  2000.0 

;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 


;  ATR  Equivalence  Ratio 
.81  .81 

.82 

.82 

.83 

.83 

.82 

.79 

.81 

.81 

.81 

.82 

.83 

.83 

.82 

.79 

.81 

.81 

.81 

.82 

.83 

.84 

.82 

.79 

.81 

.81 

.81 

.82 

.83 

.83 

.82 

.79 

.81 

.81 

.81 

.82 

.82 

.83 

.82 

.79 

.91 

.92 

.91 

.92 

.93 

.92 

.91 

.89 

.91 

.91 

.91 

.91 

.93 

.92 

.91 

.89 

.91 

.91 

.91 

.91 

.92 

.92 

.91 

.89 

.91 

.91 

.91 

.91 

.92 

.92 

.91 

.89 

.91 

.91 

.91 

.91 

.92 

.92 

.91 

.89 

1.01 

1.02 

1.02 

1.03 

1.01 

1.00 

.98 

.98 

1.01 

1.01 

1.02 

1.02 

1.02 

1.00 

.98 

.98 

1.01 

1.02 

1.02 

1.02 

1.02 

1.00 

.99 

.98 

1.01 

1.01 

1.02 

1.02 

1.02 

1.00 

.99 

.98 

1.01 

1.01 

1.01 

1.02 

1.02 

1.00 

.99 

.98 

1.12 

1.12 

1.12 

1.11 

1.10 

1.09 

1.07 

1.05 

1.12 

1.12 

1.12 

1.11 

1.10 

1.09 

1.07 

1.05 

1.12 

1.12 

1.12 

1.11 

1.10 

1.09 

1.07 

1.05 

1.12 

1.12 

1.12 

1.12 

1.10 

1.09 

1.07 
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1.12 

1.12 

1.12 

1.12 

1.10 

1.09 

1.08 

1.05 

1.22 

1.23 

1.22 

1.21 

1.20 

1.18 

1.17 

1.15 

1.21 

1.23 

1.23 

1.22 

1.20 

1.18 

1.17 

1.15 

1.21 

1.23 

1.23 

1.22 

1.20 

1.18 

1.17 

1.15 

1.21 

1.22 

1.23 

1.22 

1.20 

1.18 

1.17 

1.15 

1.20 

1.21 

1.23 

1.22 

1.20 

1.19 

1.17 

1.16 

TABLE  ATR  PC 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

1  0  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61  .81  1.01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000.0  1500.0  2000.0 
;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 


Combustor  Pressure 
31.70  32.50 

35.00 

39.20 

45.60 

54.60 

64.40 

73.50 

31.20 

32.00 

34.10 

38.60 

44.90 

53.80 

63.40 

72.40 

30.70 

31.50 

33.60 

38.00 

44.20 

52.90 

62.40 

71.80 

30.00 

30.70 

33.10 

37.10 

43.30 

51.80 

61.40 

70.70 

29.50 

30.20 

32.60 

36.50 

42.30 

51.00 

60.90 

69.60 

37.70 

38.80 

41.40 

46.20 

53.40 

62.50 

73.80 

85.20 

37.20 

38.00 

40.60 

45.30 

52.60 

61.70 

72.70 

83.90 

36.30 

37.40 

40.00 

44.60 

51.60 

60.80 

71.60 

82.50 

35-80 

36.60 

39.40 

43.90 

50.70 

59.80 

70.50 

81.90 

35.30 

36.00 

38.60 

43.00 

49.90 

58.90 

69.40 

80 .60 
43.40 

44.50 

47.50 

52.90 

60.30 

70.40 

83.50 

97.50 

42.80 

43.80 

46.80 

52.00 

59.50 

69.40 

82.20 

96.00 

42.00 

43.10 

46.10 

51.20 

58.60 

68.50 

81.10 

94.50 

41.40 

42.40 

45.30 

50.40 

57.70 

67.50 

79.90 

93.00 

40.70 

41.70 

44.50 

49.50 

56.80 

66.40 

78.70 

91.60 

48.20 

49.60 

53.10 

58.70 

67.00 

78.50 

92.80 

108.10 

47.50 

48.60 

52.30 

57.80 

66.00 

77.30 

91.50 

106.50 

46.60 

47.80 

51.30 

57.00 

65.00 

76.20 

90.10 

104.90 

45.70 

47.10 

50.50 

56.10 

64.00 

75.00 

88.80 
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103.40 

45.00 

46.10 

49.60 

55.20 

63.10 

73.90 

87.60 

101.90 

52.40 

54.50 

58.00 

64.20 

73.20 

86.20 

102.70 

119.40 

51.40 

53.70 

57.10 

63.20 

72.10 

84.90 

101.10 

117.70 

50.50 

52.40 

56.40 

62.20 

71.00 

83.60 

99.60 

115.90 

49.20 

51.10 

55.60 

61.20 

69.90 

82.40 

98.10 

114.20 

48.30 

112.50 

49.80 

54.70 

60.30 

68.80 

81.10 

96.60 

TABLE  ATR  TTCA 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

1  0  0  0  0 
;  NIND  NMACH  MALT  NRPM 
3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61  .81  1.01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000.0  1500.0  2000.0 


;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 


ATR  Combustor  Temp 
2872.70  2912.10 

(deg  R) 
3047.50 

3272.30 

3612.70 

4084.20 

4069.90 

4016.80 

2849.50 

2888.20 

3000.30 

3242.30 

3577.80 

4053.40 

4068.70 

4016.20 

2825.20 

2863.20 

2973.50 

3212.30 

3542.80 

4011.60 

4067.60 

4031.70 

2783.50 

2820.30 

2948.50 

3159.20 

3496.20 

3944.30 

4066.70 

4031.40 

2760.40 

2796.60 

2922.40 

3130.70 

3438.80 

3904.10 

4077.90 

4029.50 

3362.00 

3424.50 

3564.40 

3820.70 

4231.80 

4284.40 

4276.50 

4249.20 

3336.00 

3375.50 

3512.00 

3762.50 

4188.40 

4290.40 

4275.30 

4248.90 

3286.70 

3347.60 

3483.00 

3729.20 

4130.70 

4290.40 

4275.90 

4248.50 

3260.90 

3298.90 

3454.20 

3696.90 

4073.10 

4290.50 

4274.90 

4260.00 

3234.80 

3272.90 

3402.40 

3638.10 

4031.40 

4289.00 

4274.10 

4259.00 

3834.10 

3893.40 

4060.40 

4350.00 

4454.30 

4468.50 

4457.40 

4458.70 

3798.00 

3853.80 

4020.60 

4305.40 

4450.10 

4469.90 

4456.20 

4456.60 

3758.80 

3816.10 

3981.00 

4259.60 

4448.40 

4477.00 

4463.60 

4456.50 

3723.70 

3777.30 

3939.10 

4216.80 

4447.40 

4475.50 

4462.70 

4454.50 

3684.50 

3741.30 

3897.60 

4172.30 

4445.80 

4473.90 

4462.00 

4452.80 

4011.30 

4086.40 

4275.80 

4360.00 

4381.50 

4402.40 

4432.90 

4474.40 

3971.40 

4033.90 

4231.30 

4358.60 

4380.00 

4401.00 

4431.50 

4473.00 

3925.20 

3992.80 

4181.90 

4357.10 

4379.90 

4400.20 

4430.10 

4471.50 

3879.50 

3952.50 

4139.20 

4355.70 

4378.30 

4398.80 

4428.60 
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4469.30 


3840.40 

3900.40 

4091.20 

4354.20 

4375.50 

4397.30 

4425.20 

4467.20 

4151.80 

4248.00 

4257.10 

4272.40 

4294.80 

4321.60 

4348.00 

4381.20 

4104.70 

4209.40 

4255.80 

4271.20 

4293.60 

4319.80 

4346.70 

4379.80 

4057.00 

4145.90 

4252.90 

4269.90 

4292.30 

4318.60 

4346.00 

4377.70 

3993.70 

4087.10 

4252.20 

4268.50 

4290.40 

4317.40 

4344.70 

4376.30 

3948.50 

4022.80 

4250.70 

4267.10 

4289.70 

4315.60 

4343.30 

4374.80 

TABLE  ATR  WACORR 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

1  0  0  0  0 
;  WIND  NMACH  NALT  NRPM 
3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61  .81  1.01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000.0  1500.0  2000.0 

;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 


ATR  Corrected  Air  Flow 
1.80  1.79 

(Ibm/sec) 

1.74 

1.68 

1.59 

1.49 

1.43 

1.37 

1.81 

1.79 

1.75 

1.69 

1.60 

1.49 

1.43 

1.37 

1.81 

1.80 

1.76 

1.69 

1.60 

1.50 

1.44 

1.37 

1.82 

1.81 

1.77 

1.70 

1.62 

1.51 

1.44 

1.37 

1.83 

1.81 

1.77 

1.71 

1.63 

1.52 

1.44 

1.38 

1.94 

1.92 

1.87 

1.80 

1.68 

1.63 

1.57 

1.50 

1.94 

1.93 

1.89 

1.81 

1.69 

1.63 

1.57 

1.51 

1.96 

1.94 

1.89 

1.82 

1.71 

1.63 

1.58 

1.51 

1.97 

1.96 

1.90 

1.82 

1.72 

1.64 

1.58 

1.51 

1.97 

1.96 

1.92 

1.84 

1.73 

1.64 

1.59 

1.52 

2.05 

2.03 

1.98 

1.88 

1.83 

1.78 

1.72 

1.64 

2.06 

2.05 

1.99 

1.90 

1.82 

1.78 

1.72 

1.65 

2.08 

2.05 

1.99 

1.91 

1.83 

1.77 

1.71 

1.65 

2.08 

2.07 

2.01 

1.92 

1.83 

1.78 

1.72 

1.66 

2.10 

2.07 

2.03 

1.93 

1.84 

1.78 

1.72 

1.66 

2.20 

2.17 

2.12 

2.07 

2.03 

1.96 

1.89 

1.81 

2.20 

2.19 

2.12 

2.08 

2.03 

1.97 

1.90 

1.81 

2.22 

2.20 

2.15 

2.08 

2.04 

1.97 

1.90 

1.81 

2.23 

2.20 

2.15 

2.08 

2.04 

1.98 

1.91 
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2.23 

2.22 

2.17 

1.82 

2.33 

2.32 

2.29 

1.99 

2.33 

2.32 

2.30 

1.99 

2.33 

2.34 

2.29 

2.00 

2.34 

2.33 

2.30 

2.00 

2.34 

2.00 

2.34 

2.30 

.  U  J 

-L  .  U 

2.25 

2.21 

2.15 

2.26 

2.21 

2.16 

2.26 

2.22 

2.16 

2.26 

2.22 

2.16 

2.27 

2.22 

2.17 

TABLE  ATR  SM 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 
1  0  0  0  0 
;  NIND  NMACH  HALT  NRPM 
3  8  5  5 


;  Mach  Nuitiber 

.01  .21  .41 

;  Altitude  (feet) 
.0  500.0 


.61  .81  1.01  1.21  1.41 

1000.0  1500.0  2000.0 


Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 


ATR  Stall 
.00 

Margin 

.00 

o 

o 

o 

o 

o 

o 

71.90 

90.60 

.00 

.00 

.00 

.00 

.00 

71.90 

90.60 

.00 

.00 

.00 

.00 

.00 

71.90 

89.10 

.00 

.00 

.00 

.00 

.00 

75.00 

89.10 

.00 

.00 

.00 

.00 

.00 

75.00 

89.10 

.00 

.00 

.00 

59.40 

50.00 

59.40 

81.30 

.00 

.00 

.00 

.00 

50.00 

56.30 

81.30 

.00 

.00 

.00 

.00 

53.10 

56.30 

81.30 

.00 

.00 

.00 

.00 

56.20 

56.30 

79.70 

.00 

.00 

.00 

.00 

56.20 

56.30 

79.70 

56.30 

53.10 

50.00 

37.50 

43.80 

50.00 

68.80 

56.30 

56.20 

50.00 

40.60 

40.60 

50.00 

68.80 

59.40 

56.20 

50.00 

43.80 

40.60 

46.90 

68.80 

.00 

59.40 

53.10 

43.80 

40.60 

46.90 

68.80 

.00 

.00 

56.20 

46.90 

40.60 

46.90 

68.70 

56.20 

50.00 

43.80 

43.70 

50.00 

56.30 

65.60 

56.20 

56.30 

43.70 

43.80 

50.00 

56.30 

65.60 

59.40 

56.30 

50.00 

43.80 

50.00 

56.20 

65.60 

62.50 

56.30 

50.00 

43.80 

50.00 

56.30 

1.91 

2.07 

2.08 

2.08 

2.09 

2.09 


81.20 

81.20 

81.20 

81.30 

79.70 

68.70 
68.80 

68.70 

68.70 
68.80 
59.40 
59.40 

56.30 

56.20 

56.20 

62.50 

62.50 

62.50 

62.50 
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65.60 

62.50 

62.50 

53.10 

43.80 

46.90 

56.30 

60.90 

65 . 60 
56.30 

50.00 

53.10 

56.30 

62.50 

65.60 

68.80 

73.40 

56.30 

50.00 

53.10 

56.20 

62.50 

65.60 

68.80 

73.40 

56.30 

56.30 

50.00 

56.20 

62.50 

65.60 

68.80 

73.40 

62.50 

56.30 

50.00 

56.30 

62.50 

65.60 

68.70 

73.40 

62.50 

62.50 

50.00 

56.30 

62.50 

65.60 

68.80 

73.40 

:  ATR  RPMCOR 

:s(i)  ics{2)  ICS 

(3)  ICS(4) 

ICS(5) 

1  0  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  8  5  5 

;  Mach  Number 

.01  .21  .41  .61  .81  1.01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000.0  1500.0  2000.0 

;  Engine  RPM 

70000.0  75000.0  80000.0  85000.0  90000.0 

;  ATR  Compressor  Corrected  Speed  (rpm)  „„ 

107722.40  107251.70  105957.80  103927.40  101285.80  98177.20  94746.70 

107909.80  107438.30  106142.10  104108.10  101461.70  98347.60  94911.10 

91284.40 

108098.10  107625.80  106327.30  104289.70  101638.60  98518.90  95076.30 

108282.30  107809.10  106508.30  104467.10  101811.40  98686.30  95237.70 

91598  40 

108467!30  107993.30  106690.20  104645.50  101985.10  98854.60  95400.00 

91754  30 

115416!80  114912.60  113526.30  111350.80  108520.50  105189.80  101514.40 

115617.60  115112.50  113723.70  111544.40  108709.00  105372.40  101690.40 

iCsigilo  115313.40  113922.10  111738.90  108898.50  105556.00  101867.40 

97974.90 

116016.70  115509.70  114116.00  111929.00  109083.70  105735.40  102040.40 

116214.90  115707.10  114311.00  112120.10  109269.80  105915.70  102214.30 

98308  20 

12311i!30  122573.40  121094.70  118774.20  115755.20  112202.50  108282.00 
104144 . 50 

123325!50  122786.60  121305.30  118980.70  115956.30  112397.30  108469.80 

12354o!80  123000.90  121516.90  119188.20  116158.40  112593.10  108658.60 

12375i!i0  123210.40  121723.80  119391.00  116355.90  112784.40  108843.10 

123962.60  123420.90  121931.70  119594.80  116554.40  112976.70  109028.60 

130805!70  130234.20  128663.10  126197.60  122989.90  119215.20  115049.60 

131033.30  130460.80  128886.80  126417.00  123203.50  119422.10  115249.20 

110845  40 

131262!o0  130688.50  129111.70  126637.40  123418.30  119630.10  115449.80 

isUSsieO  130911.00  129331.50  126852.90  123628.10  119833.40  115645.80 
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111226.60 

131710.30  131134.70  129552.40 
111416.00 

137769.20  137895.10  136231.50 
117162.60 
137769.20 
117365.70 
137769.20 

117569.80 
137769.20 

117769.30 
137769.20 

117969.80 

TABLE  ATR  EFFINL 
;  ICS(l)  ICS(2)  ICS(3) 
10  0 
;  NIND  NMACH  NALT  NREM 
3  8  5  5 

;  Mach  Number 


.01  .21  .41  .61 

00 

Altitude 

.0 

( feet) 

500.0  1000 

.0  1500 

Engine  RPM 

70000.0  75000.0  80000 

.0  85000 

ATR  Inlet 
1.00 

Recovery 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

0 


1.21  1.41 

2000.0 
90000.0 


1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

1.00 

1.00 

1.00 

.99 

127069.50  123839.10  120037.70  115842.80 

133621.00  130224.60  126227.80  121817.20 

138135.00  136468.40  133853.30  130450.80  126446.90  122028.50 

138376.10  136706.50  134086.70  130678.20  126667.20  122240.90 

137769.20  136939.30  134314.90  130900.40  126882.40  122448.50 

137769.20  137173.20  134544.20  131123.80  127098.80  122657.10 

ICS (4)  ICS (5) 

0 
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.95 

.99 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

.99 

.95 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

.99 

.95 

.99 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

.95 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

.99 

.95 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

.99 

.95 

TABLE  ISOLN 

;  ICS(l)  ICS(2)  ICS(3) 

ICS(4) 

ICS(5) 

1  0 

0 

0 

0 

;  NIND  NMACH  NALT  NRPM 

3  8 

5  5 

;  Mach  Number 

.01  .21 

.41  .61 

.81  1. 

01  1.21  1.41 

;  Altitude  (feet) 

.0  500.0  1000 

.0  1500 

.0  2000.0 

;  Engine  RPM 

.0  90000.0 

70000.0  75000.0  80000 

.0  85000 

;  ISOLN  Values 

(no  units) 

1.00 

1.00 

3.00 

3.00 

3.00 

3.00 

3.00 

1.00 

3.00 

3.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

3.00 

3.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

3.00 

3.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

3.00 

3.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

1.00 

3.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

1.00 

3.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

1.00 

3.00 

3.00 

3.00 

3.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1,00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3.00 

3.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 
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1.00 

1.00 

1.00 

1.00 

1 

1.00 

1.00 

1.00 

1.00 

1 

1.00 

1.00 

1.00 

1.00 

1 

1.00 

1.00 

1.00 

1.00 

1 

1.00 

1.00 

1.00 

1.00 

1 

1.00 

1.00 

1.00 

1.00 

1 

1.00 

00 

1.00 

1.00 

1.00 

00 

1.00 

1.00 

1.00 

00 

1.00 

1.00 

1.00 

00 

1.00 

1.00 

1.00 

00 

1.00 

1.00 

1.00 

00 

1.00 

1.00 

1.00 
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****ATR  DESIGN  PROGRAM  V5.0**** 

INPUT  CASE  DESCRIPTION:  ATR  DESIGN  POINT  DESCRIPTION 
INPUT  PARAMETERS  1 0-25- 1 999 

VEHICLE/SYSTEM  GAS  GENERATOR 


jji  if:  ^ ^  ^ ^ ^  ^  ^  li?  J}:  ii< :}i 


INPUT  FILE:  ATRDES.INP  Fuel:  ARC  428  (5-23-95) 

OUTPUT  FILE:  ATRDES.DBG  Grain  TEMP  (DEG  R)  530.00 


Idebug  ( 1  is  on)  1  PGG/PSIT  5.00 

MACH  NUMBER  3.00  P  Drop:gg-turb  300.0 

ALTITUDE(FEET)  20000.0  Biprop  F/0  .00 

Misc  Mat!  Index  1  Mali  Index  1 

Case  L/D  5.63 

INLET  Grain  Mass  (Ibm)  15.61 


Sclfcty  FaCtOf  1,20 

IINLET  1 

previous  HARM,  but  MIL  PR  TURBINE 

MDF  File*  INLET  MDF 

Lip  Area  (Ac)  (sq  in)  4.10  TYPE:  SUNDSTRAND  Reentry  Turbine  (1 1 

MDF  File:  C:\GEMA\DIST\TURB07.MDF 
COMPRESSOR  TURBINE  SCALE  FACTOR  .550 

!l!!|!*^':;|!**:|:*H:*****!|!:|!!|5**#H::!::h**s|:****!i=****H:*  p  DROP:tUrb-COmb  10.000 

TYPE:  Sundstrand  4.57"  Mono(  1  - 1 7-96)  BEARING  HP  LOSS  .050 

MDF  File:  COMP04.MDF  INLET  MACH  .30 

SCALE  FACTOR:  .650  %  ADMISSION  100.00 

tip  diameter  (in)  2.97 

STALL  MARGIN  (%)  50.0  COMBUSTOR 

AIR  PRESS  DROP  (PSIA)  3  00  ***'5'****='!'^=**^'*******'!'**'!'^=*********'^'!^** 

BLEED  AIR  (%)  .00  MDF  File:  CMB.30.MDF 

SPEED  (RPM)  138461 .5  Matl  Index  1 

Design  Type  No.  1 

GEAR  BOX  Cooling  Method  Index  1 

if: ;[:  if:  if;  if; ;}:  *  if:  if:  if;  if:  if:  if:  if:  if:  if: ;{:  if:  >1:  if:  if:  if:  :f;  if:  if:  *  if:  if:  if:  if:  if:  if;  if:  if:  if:  if:  if:  :f:  gpp  JCI ENC  Y  990 

SPEED  RATIO  (TURB/COMP)  1 .000  Conv  Length  (in)  2.5 

Div  Length  (in)  .3 

Mach  at  Entrance  .3 


NOZZLE 

if:  if:  if:  if:  if:  if:  if:  if:  if:  if:  if:  if:  if:  if:  if:  :f;  4:  if;  if;  ^  if:  if:  if:  if:  if:  ^  ^  ^  if:  if:  if:  if:  if: 


Matl  Index  1 

DISCHARGE  COEFF  .980 

EXIT  PRESSURE  (PSIA)  6.759 


OUTPUT  PARAMETERS  1 0-25- 1 999 

VEHICLE/SYSTEM  TURBINE 

if:  if:  if:  if:  if;  if:  4:  if:  if;  if:  if:  if:  if:  if:  if:  if:  if:  if:  if:  if:  ^  if:  :f:  :f:  if:  if:  if:  if:  *  if: :[:  if:  if:  if:  if:  if:  if:  H:  *  *  if:  A'  if:  if:  if:  if:  *  if:  if:  *  if:  if:  if:  if:  if:  *  *  *  if:  if:  if:  if:  if:  if:  *  if:  if:  if:  if:  if:  if:  if:  * 


OUTPUT  FILE;  ATRDES.DBG  MDF  File:C:\GEMA\DIST\TURB07.MDF 

INPUT  FILE;  ATRDES.INP  TYPE;  SUNDSTRAND  Reentry  Turbine  ( 1 1 


THRUST  (LBF)  488.9  POWERAVF(HP/LBM/SEC)  609.5 

CF  1.485  HORSEPOWER  386.7 

CF  ALT  ADDITION  .000  FLOWRATE(LBM/SEC)  .634 

Isp  TCA  TOT  FLOW(SEC)  200.9  CHK  FLOW  PARAMETER  .3458 

Isp  RAM  LOSS  (SEC)  550.5  ACTUAL  FLOW  PAR  .3458 

Isp  DEL  (SEC)  770.6  CRITICAL  PRESS  RATIO  1 .735 

THRUST  TO  AIR  FLOW  1 35.3  TOTAL  INLET  P(PSIA)  1 688.9 
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AIR  VELOCITY  (FT/SEC) 
ENGINE  MIX  RATIO 
FGROSS  THRUST  (LBF) 
NET  THRUST  (LBF) 

RAM  DRAG  (LBF) 

AIR  FLOW  (LBM/SEC) 


INLET 


EC)  3 1 10.59  STATIC  INLET  PRESS  1 604.7 

.1756  ACTUAL  PRESS  RATIO  8.501 

F)  848.7  SPEED  (RPM)  1 3846 1 .5 

488.9  1  ST  CRIT  SHAFT  SPEED  (RPM)  97 1 72.6 
349.2  U/CO  .208 

)  3.612  EFFICIENCY  .583 

CO  (FT/SEC)  6083.0 

IDEAL  TEMP  DROP(R)  647 . 1 


*i|:**!l!***:|!  ip*  *****  ****:!::!:*  Hi******  **!|:****:|:  ******  *******(^ji^U'J'JQJsf  jl  I*****  *******  *** 

MDF  FileTNLET.MDF  *******CHECK  TURB  TIP  SPEED! !  !*****='=** 

TYPE:  previous  HARM,  but  MIL  PR  TIP  SPEED  (FT/SEC)  1262.7 

Amb  Density  (Ibm/cu  in)  .00002358  TOTAL  INLET  T  (R)  2800.0 


2800.0 

198.7 

198.7 

.12 

.19 

3.80 


PTI  AIR  248. 1  TOTAL  EXIT  P(PSIA)  198.7 

PT2AIR  1 06.2  STATIC  EXIT  PRESS  (PSIA)  1 98.7 

Prc.ss  Recovery  .428  Manifold  Flow  Area  (sq  in)  .12 

TTIAIR  1 252.7  THROAT  AREA  (SQ  IN)  .19 

TT2AIR  1 252.7  TIP  DIAMETER  (IN)  3.80 

STA  I  GAMMA  1 .364 

STA  2  GAMMA  1 .364  COMBUSTOR 

AO/Ac  Critical  1  000  ***'i”5^**'i'''^**'^'******=‘^*******'^*******'*'*** 

PR  Critical  1 .000  MDF  File:CMB30.MDF 

AO/Ac  Actual  1 .000  FLOWRATE  (LBM/SEC)  4.247 

PR  Actual  .428  PRESSURE  (PSIA)  1 88.7 

Max  Inlet  Air  Flow  (Ibm/sec)  3.613  TCA  MIXTURE  RATIO  .176 

Dynamic  Pressure  (psia)  42.55  MAX(IDEAL)  TEMP  (R)  4568.6 


Cd  Cowl 
Cowl  Drag  (Ibf) 

Cd  Spillage 
Spillage  Drag  (IbO 
Total  Inlet  Drag  (Ibf) 
Pressure  Margin  (%) 
Spillage  Margin  (%) 
Mode:  supercritical 


.06 10  EFFICIENCY  .990 

1 0.65  ACTUAL  TEMP  (R)  4522.9 

.0000  CHOKED  FLOW  PAR  .500 

.00  Cp  (BTU/LBM-R)  .5253 


CORR  SPEED  (RPM) 
MECH  SPEED  (RPM) 
PRESSURE  RATIO 
EFFICIENCY 


Total  Inlet  Drag  (Ibf)  1 0.65  STOICH  MIX  RATIO  (FUEL/ AIR)  .  148 

Pressure  Margin  (%)  57.2  EQUIVALENCE  RATIO  1 .1 887 

Spillage  Margin  (%)  .0  MOLECULAR  WT(LBM/LBMOLE)  29.470 

Mode:  supercritical  CSTAR  (FT/SEC)  4350.665 

GAMMA  1.147 

COMPRESSOR  Cyl  Comb  Diameter  (in)  2.83 

**************************************  0y|  Comb  Flow  Area  (sq  in)  6.3 
MDF  File:COMP04.MDF  THROAT  AREA  (SQ  IN)  3.09 

Type:  Sundstrand  4.57"  Mono(  1-1 7-96)  Throat  Diameter  (in)  1.98 

CORR  SPEED  (RPM)  89 1 22.2  Combustor  Ka  (sec''2*inM/lbm''2  1 .99 

MECH  SPEED  (RPM)  1 3846 1 .5  Combustor  Kb  .009 1 

PRESSURE  RATIO  1.805  Effective  air  flow  area  (sq  in  5.42 

EFFICIENCY  .762  Aero  loading  parameter  .0000 

COMPRESSOR  UNCHOKED  FLOW 
HORSEPOWER  368.3  NOZZLE 

FLOWRATE  (LBM/SEC)  3  612 

POWER/WAIR(HP/LBM/SEC)  102.0  PR  CHOKE  1.739 

CORR  FLOWRATE(LBM/MIN)  1 .204  PRESS  RATIO  27.936 

PRESSURE  DROP(PSIA)  3.00  P  EXIT(PSIA)  6.8 

EXIT  PRESSURE(PSIA)  191.68  EXIT  VEL  (FT/SEC)  6429.9 

EXIT  TEMP  (R)  1533.4  EXIT  AREA  (SQ  IN)  15.43 

AMBIENT  GAMMA  1 .400  Exit  Diameter  (in)  4.43 

THETA  2.414  AREA  RATIO  4.99 

DELTA  7.224  Throat  Only  Isp  (sec)  1089.5 

Throat  P  Static  (psia)  108.5 

GAS  GENERATOR  Throat  Velocity  (ft/scc)  2855. 1 2 
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MDF  File:CMB30.MDF 
PRESSURE  (PSIA)  1 988.9230 

FLOWRATE  (LB/SEC)  .634 

THROAT  AREA  (SQ  IN)  .0576 

B  urn  Rate  (i  n/sec)  .815 

BURN  AREA  (SQ  IN)  1 5.5 11 

Burn  Dia  (in)  4.444 

CHK  FLOW  PARAMETER  .3458 

ACTUAL  FLOW  PAR  .2929 

CRITICAL  PRESS  RATIO  1 .735 

ACTUAL  PRESS  RATIO  1 .239 

EXIT  STATIC  PRESS  (IDEAL)  1 604.7240 
TURBINE  INLET  STATIC  PRESS  1 604.7240 
GAMMA  1.140 

MOLECULAR  WT(LBM/LBMOLE)  14.17 
TEMPERATURE  (R)  2800.0 

Cp  (BTU/LBM/R)  1.1418 
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APPENDIX  C 

6-INCH  ATR  ENGINE  OFF-DESIGN  OPERATION 
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;  ATR  MASTER  DATA  FILE  (ATR.MDF) 

;  Written  by  ATR  Off-Design  Code 
;  ATR  Design  Summary: 

;  Fuel  is  ARC  428  (5-23-95) 

;  Ifuel=  30 

;  Design  Mach  is  .50 
;  Design  Altitude  (feet)  is  .0 

;  Design  Engine  Speed  (rpm)  is  75000.0 
;  Compressor  is  Sundstrand  4.57"  Mono(  1  - 1 7-96) 
;  Icomp=  4 

;  Turbine  is  SUNDSTRAND  Reentry  Turbine  (1 1 
;  Iturb=  7 

TABLE  ATR  THRUST 
;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Thrust  (Ibf) 

677.40  788.00  922.90  1495.80  2578.80 
528.30  651.90  786.80  1281.90  2213.40 
.00  502.70  613.00  1089.40  1886.00 
TABLE  ATR  ISP 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Specific  Impulse 
729.80  748.30  739.90  765.00  765.40 
691.00  708.80  740.50  765.70  767.90 
.00  665.90  684.00  767.10  773.80 
TABLE  ATR  PGG 
;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  GG  Pressure  (psi) 

904.01  1150.01  1619.62  6459.74  30605.65 


631.98  882.22  1175.96  2766.25  22442.85 
422.49  612.84  846.52  2011.42  14666.01 
TABLE  ATR  WAIR 
;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  HALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Air  Flow  Rate  (Ibm/sec) 


5.17 

5.80 

7.06 

11.43 

20.32 

4.43 

5.11 

5.97 

9.71 

17.32 

3.74 

4.34 

5.07 

8.16 

14.59 

TABLE 

ATR  PRC 

;  ICS(l)  ICS(2)  ICS(3) 

ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  NALT  NRPM 


3  5  3  1 

;  Mach  Number 
.01  .51  l.OI  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 
;  ATR  PRC 


3.94 

3.88 

3.40 

2.81 

2.24 

3.80 

3.89 

3.52 

2.91 

2.32 

3.65 

3.75 

3.56 

3.03 

2.41 

TABLE 

ATR  WF 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 
10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  WF  (Ibm/sec) 


.93 

1.05 

1.25 

1.96 

3.37 

.76 

.92 

1.06 

1.67 

2.88 

.62 

.75 

.90 

1.42 

2.44 

TABLE 

ATR  PRT 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 
10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 


;  Engine  RPM 


90000.0 

;  ATR  Turb  Pressure  Ratio 

12.40 

12.10  11.90 

11.70 

11.50 

12.50 

12.50  11.90 

11.80 

11.60 

12.60 

12.70  12.30 

11.80 

11.50 

TABLE 

ATR  EFFCMP 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

1  0 

0  0  0 

;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000,0 

;  ATR  Comp  Efficiency 

.76  .77  .81  .83  .80 

.74  .76  .80  .82  .80 

.72  .74  .78  .82  .81 

TABLE  ATR  EFFTRB 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 
10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Turb  Effieiency 

.54  .55  .55  .55  .56 

.54  .54  .55  .55  .56 

.53  .54  .55  .55  .56 

TABLE  ATR  MR 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 
10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Maeh  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Mixture  Ratio  (IVair) 

.18  .18  .18  .17  .17 

.17  .18  .18  .17  .17 

.17  .17  .18  .17  .17 

TABLE  ATR  ER 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 
10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
.3  5  31 


;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 


;  ATR  Equivalence  Ratio 


1.22 

1.23 

1.20 

1.16 

1.12 

1.17 

1.22 

1.21 

1.17 

1.13 

1.13 

1.18 

1.20 

1.18 

1.13 

TABLE 

ATR  PC 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  KIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Combustor  Pressure 

55.30  65.00  79.20  129.40  231.80 

44.10  54.20  66.80  109.30  195.70 

34.90  42.90  53.50  92.20  165.40 

TABLE  ATR  TTCA 
;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Combustor  Temp  (deg  R) 

3845.70  4255.40  4309.90  4386.20  4480.00 

3380.60  3796.10  4295.20  4370.00  4465. 

3000.20  3325.80  3796.90  4351.90  4450. 

TABLE  ATR  WACORR 
;  ICS(l)  ICS(2)  1CS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Corrected  Air  Flow  (Ibm/sec) 


8.01 

7.71 

7.22 

6.48 

5.66 

8.10 

8.03 

7.35 

6.63 

5.81 

8.13 

8.11 

7.72 

6.76 

5.94 

TABLE 

ATR  SM 

o  o 


;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Stall  Margin 

68.70  50.00  56.30  65.60  82.80 

82.80  75.00  56.20  65.60  81.20 

.00  84.40  78.10  62.50  76.60 

TABLE  ATR  RPMCOR 
;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 

;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Compressor  Corrected  Speed  (rpm) 

74625.00  73144.20  68373.40  62177.70  55799.50 
74625.00  74431.70  69575.00  63268.50  56776.70 
74625.00  74625.00  70852.40  64429.90  57818.90 
TABLE  ATR  EFFINL 
;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 

10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ATR  Inlet  Recovery 


1.00 

1.00 

.87 

.89 

.94 

1. 00 

1.00 

.85 

.87 

.92 

1.00 

TABLE 

1.00 

ISOLN 

.82 

.85 

.90 

;  ICS(l)  ICS(2)  ICS(3)  ICS(4)  ICS(5) 
10  0  0  0 
;  NIND  NMACH  NALT  NRPM 
3  5  3  1 

;  Mach  Number 
.01  .51  1.01  1.51  2.01 
;  Altitude  (feet) 

.0  5000.0  10000.0 
;  Engine  RPM 
90000.0 

;  ISOLN  Values  (no  units) 
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1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3.00 

1.00 

1.00 

1.00 

1.00 
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